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Cadherins are a class of protein that dominate cell-cell adhesion in most tissues. Their 
dysfunction correlates with diseases such as breast cancer, tumor progression and 
neuropsychiatric disorders. A better understanding of their adhesion mechanism is 
thus vital for assailing their role in these disease processes. 
Although extensive studies have been performed, the adhesion mechanism of 
cadherins has not been fully understood yet. Particularly, distinct adhesion 
mechanisms between Type I and Type II cadherins and the role of dynamic force in 
the adhesion process are still being elucidated. In the present study, by utilizing 
Atomic Force Microscopy (AFM), magnetic tweezers as well as Steered Molecular 
Dynamics (SMD) simulations, homophilic interactions and mechanical stability of 
classical Type I and Type II cadherins extracellular (EC) domains were investigated at 
the single molecule level. The results show that the unbinding force of Type I 
cadherins homophilic interaction pairs are stronger than that of Type II cadherins. In 
addition, unbinding forces of the homophilic interaction pairs for both cadherins show 
overlap with unfolding forces of their monomers. This phenomenon indicates that 
partial unfolding/deformation of the cadherin monomers may take place before the 
rupture of their homophilic interactions in vivo. This possible conformational change 
may expose new interaction interfaces or trigger cortical actin cytoskeletal remodeling 
in strengthening cadherin-mediated adhesion. Furthermore, it may also contribute to 
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Chapter 1 Introduction 
1.1 Cadherin mediated cell adhesion and cell sorting 
Selective and robust cell-cell adhesion plays a critical role in maintaining tissue 
structural integrity and specific architecture in multicellular organisms (1, 2). 
Cadherins, a class of transmembrane protein, dominate cell-cell adhesion in most 
tissues. As such, the cadherins exert important physiology functions in vivo, e.g. 
interaction between cadherins and cytoplasmic proteins can regulate cell-cell contacts; 
during morphogenesis, cadherin-mediate specific adhesion controls cell sorting; also, 
cadherins are involved in intercellular signal transferring (3). Because of their 
important physiology functions, it is not surprising that dysregulation of cadherins 
function correlates with many diseases such as breast cancer (4), tumour progression 
(5) and neuropsychiatric disorders (6). Understanding the adhesion mechanism of 
cadherins is thus vital for assailing their role in these disease processes. 
In 1991, Suzuki et al. first proposed grouping all 11 types of classical cadherins 
identified by that time into two families, Type I and Type II cadherins, based on their 
overall similarities in sequence (7). To date, cadherins super-family comprises over 80 
types of cadherins (8) and are divided into 5 distinct families: classical Type I 
cadherins, classical Type II cadherins, desmosomal cadherins, protocadherins and 
seven-pass transmembrane cadherins (9, 10). Among them, classical Type I and Type 
II cadherins are the best understood families in both structure and physiological 
function so far. 
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The sequence characteristics of Type I and Type II cadherins result in their distinct 
behaviour in vivo. Type I cadherins, including E-cadherin, N-cadherin and C-cadherin 
etc., show stronger and more rapid adhesion than Type II cadherins and are found 
primarily in tissues where the requirement for integrity is high. In contrast, Type II 
cadherins such as cadherin 7, cadherin 8 and cadherin 11 are highly related and 
expressed in cells with more mobility and more temporary intercellular interactions 
(10, 11). Besides the distinct homophilic adhesive strength, some heterophilic 
adhesion was observed between different cadherins from the same subfamily (12, 13). 
However, Type I and II cadherins show no heterophilic adhesion between each other 
(14). The distinct adhesive strength and binding specificity between Type I and Type 




1.2 Cadherin molecular structure and homophilic interaction between EC 
domains 
1.2.1 Type I and Type II cadherins share similar molecular structure 
Classical Type I and Type II cadherins share a similar molecule architecture, which 
consists of a cytoplasmic region, a transmembrane region, and an extracellular region 










Figure 1.1 Architecture of classical cadherins. Classical cadherins are transmembrane 
proteins which contain three regions, cytoplasmic region (red), transmembrane region 
(blue) and extracellular region (green) from C-terminal to N-terminal in order.  
 
The cytoplasmic region of Type I and Type II cadherins is the most highly conserved 
region (13) and contains ~150 amino acids (17). This region interacts with 
multiple-protein complex at cadherin adhesion junction, as shown in Figure 1.2. The 
cytoplasmic region of cadherins binds to β-catenin directly. In turn, β-catenin binds to 
α-catenin which recruits cytoskeletal proteins, e.g. vinculin, Ajuba, myosin VIIa and 
vezatin. In addition, p120 binds to juxtamembrane domain of the cytoplasmic region 
and could modulate the turnover of cadherins in the adhesion junction. Extensive 
studies have shown that these complex interactions could remodel the cadherin 
adhesion junction and are necessary for stabilization of the junction (18-22). However, 
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Figure 1.2 Multiple-protein complex interact with cadherin cytoplasmic region. A) 
The schematic of multiple protein complex at cadherin adhesion junction (23). B) The 
crystallographic structure of multiple protein complex at cadherin adhesion junction 
(24). The cadherin juxtamembrane domain (JMD) binds to p120. The cadherin 
catenin-binding domain (CBD) associates with β-catenin which in turns binds to 
α-catenin. These interactions play an important role in remodelling and stabilization 
of the cadherins adhesion junction. 
 
The transmembrane region is the shortest region and contains only ~15 amino acids 
(25). The mutation study has shown that this region is important for lateral clustering 
of cadherins at adhesion junction. The mutation on certain point in transmembrane 
region can reduce the self-assemble of E-cadherin and result in significantly weaker 
adhesion in cell aggregation experiment. (25) 
The extracellular region comprises five tandem repeats, called extracellular cadherin 
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(EC) domains, herein labeled as EC1 to EC5 from N-terminal towards C-terminal, as 
shown in Figure 1.3. Each EC domain consists of ~110 amino acids which form seven 
β-strands and are organized into two -sheets (9, 26, 27). At each inter-domain region, 
there are three Ca
2+
 ions forming bridges with highly conserved residues (green balls 
in Figure 1.3, more detail of Ca
2+
 bridge are shown in Appendix III). These Ca
2+
 ions 
stabilize and rigidify the EC domains (28) and are necessary for stable inter-molecule 
adhesion (22, 27, 29-31). Although the extracellular region of Type I and Type II 
cadherins have similar crystallographic structure as described, it is the most 
characteristic region between Type I and Type II cadherins. Among total ~550 amino 
acids in the extracellular region, 21 out of 180 conserved residues of Type II cadherins 
are not found in Type I cadherins. In contrast, in the cytoplasmic region, this number 
is 3 out of 52 (13). Studies have shown that the distinct adhesive strength and binding 


















Figure 1.3 Crystallographic structure of C-cadherin extracellular region. The two 
figures show the crystallographic structure of C-cadherin extracellular region after 10 
ns equilibrium simulation with/without Ca
2+
 ions (green spheres). The molecule 
comprises five tandem repeats which are labeled as EC1 to EC5 from N-terminal 
towards C-terminal. After 10 ns equilibrium dynamics, the crystallographic structure 
with Ca
2+
 ions (left) maintained while the one without Ca
2+
 ions (right) lost its 
structure. Red spheres correspond to N-terminal in EC1 and C-terminal in EC5. 
Modified from Satomayor (28).  
1.2.2 Type I and Type II cadherins show distinct interaction mechanisms. 
Although the crystallographic structures of classical cadherins have been well 
characterized, the adhesion mechanism of cadherins in vivo is not fully understood yet. 
Some studies proposed that strand-swap dimer plays the central role in cadherins 
adhesion.  
Crystallographic studies have deduced that the EC domains of classical cadherins 
form two types of dimer: X-dimer and strand-swap dimer. The X-dimer is formed via 
surface interaction between two outer domains (27, 33) while in the strand-swap 
dimer N-terminal -strands of EC1 domains swap between partner molecules, as 
shown in Fig. 1.4. Mutation targeting the relevant points, i.e. K14E for X-dimer and 
W2A for strand-swap dimer, could abrogate the corresponding dimerization (27). 
Furthermore, the formation of X-dimer is not affected by the W2A mutation. On the 
other hand, although the K14E mutation does not affect the final thermodynamic 
7 
 
equilibrium of strand-swap dimer either, it significantly slows down the process of 
strand-swap dimerization. Therefore, the X-dimer probably is an intermediate state in 
strand-swap dimerization process and could enhance the kinetics of the strand-swap 
dimerization (27), as shown in Figure 1.4. This conclusion is supported by an AFM 
force spectroscopy study (33). The AFM results suggest that the X-dimer of 
E-cadherins could form within 0.3 s encounter time and may transform to strand-swap 
dimer after 3 s contact. Additionally, this AFM study shows that the X-dimer is catch 
bond, i.e. its lifetime is longer under external tension force. The catch bond can 
stabilize corresponding adhesion under mechanical stress and has also been observed 
in interactions involve some motor proteins (myosin and kinetochores) and some 
adhesive proteins (selectins and integrins). In contrast, the strand-swap dimer is slip 
bond, i.e. it is shorter lived when pulled by external force. Most interactions observed 
in biology are slip bond (33). 
Although both Type I and Type II cadherins form strand-swap dimer, the mechanisms 
are slightly different. According to crystallographic structure, in Type I cadherins, the 
strand-swap dimer involves a tryptophan at position 2. While in Type II cadherins, it 
involves tryptophans at positions 2 and 4 (14, 34). The buried accessible surface area 
in Type II cadherins (~2700 - 3300 Å
2
) is about twice that of Type I cadherins (~1600 
- 1800 Å
2
) (14, 34). The larger buried accessible surface area suggests that the 
strand-swap dimer of Type II cadherins may have a higher binding energy. In 
agreement with these studies, dissociation constants kd of different cadherins EC 
domains measured by ultracentrifugation experiments (35) also show that the 
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strand-swap dimer of Type II cadherins have higher binding energy than that of Type I 
cadherins.  
However, the stronger strand-swap dimer of Type II cadherins does not result in a 
stronger adhesion junction in vivo. In cell based studies, comparing with Type II 
cadherins, Type I cadherins expressed cells show stronger separation force between 
each other. In addition, the homophilic adhesion of Type I cadherins are more rapid 
(10).  
 
EC1 EC1 EC1 EC1
EC1 EC1EC2 EC2 EC2 EC2
EC2 EC2
 
Figure 1.4 Two-step binding model of classical cadherins. Cadherin monomers 
dimerize via the interaction between EC12 domains. Two monomers first associate to 
form X-dimer, then this structure convert to strand-swap dimer. Ca
2+
 ions at EC1-EC2 
interface are drawn as green spheres. (27) 
 
In addition to the dimerization processes described above, lateral clustering of 
cadherins at the adhesion junction may also be involved in the adhesion process. High 
kd (3 to 700μM) (35) and low binding energy (36) of the strand-swap dimer structure 
imply that this structure may not be strong enough for cadherin physiological function 
in vivo. Therefore, studies suggest that lateral clustering of strand-swap dimers may 
exist in vivo and can strengthen cadherins adhesion (37-40). 
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Due to technological limitation, atomic resolution imaging of cadherins adhesion 
junction in vivo is impossible so far. Thus, artificial junctions formed between EC 
domains coated liposomes were utilized instead in these studies. These junctions were 
imaged by cryo-EM and the results were fitted by corresponding crystallographic 
structures. In these studies, different clustering processes were observed in Type I and 
Type II cadherins. Type I cadherins such as E-cadherin, N-cadherin and C-cadherin 
form a zipper like structure via cis-interaction at the junction (37), as shown in Figure 
1.5. AFM study (41) and theoretical analysis (42) suggest this cis-interaction can only 
happen after the strand-swap dimers formed. Different from Type I cadherins, the 
junction structures of Type II cadherins achieved in similar experiments are still under 
debate. Although a distinct hexamer structure comprises three strand-swap dimers was 
observed in Type II cadherins artificial junction (38, 39), a later study (40) argues that 
this trimeric interaction between strand-swap dimers is due to the lacking of 
glycosylation since the EC domains used in these experiments are bacterially 
expressed. Their experiment (40) exclude this trimeric interaction by utilizing 
mammalian-expressed EC domains of Type II cadherins. However, even though the 
clustering mechanism of Type II cadherins is still unsolved, it probably is different 
from that of Type I cadherins. This is because Type II cadherins lack the pseudo-β 
helix region which is indispensable to the lateral clustering of Type I cadherins (37). 
In addition, the lateral clustering structure has not been observed in the Type II 
cadherins artificial junction under the similar condition (40). The different clustering 
mechanism of Type I and Type II cadherins may partly account for their distinct 
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adhesion strength in vivo. However, the structures of these artificial junctions are 
probably different from mature ones in vivo. Because the cytoplasmic region of 
cadherins molecule which is absence in these cryo-EM and crystallographic studies is 
necessary for a stable adhesion junction (18-22). In addition, in these studies, the 
cadherins dimers and junctions were formed between molecules floating in solution or 
immobilised on soft liposomes. While cell based study has shown that cadherins 
cannot form stable adhesion junction without dynamic force or on a soft surface (43). 
Therefore, the role of dynamic force need to be explored to unveil the adhesion 
mechanism of the cadherins. 
 
Figure 1.5 The structure of artificial E-cadherin junction. Four panels show views 
from different side of lattice segment as labeled in the figure. The lattice segment 
consist of 4×4 trans-dimers. Other two Type I cadherins, C- and N-cadherin show the 




1.3 The role of dynamic force in cadherins physiology function.  
Force universally exists in physiology. As an important player which mediates 
adhesion junction between cells and be involved in mechanotransduction pathways, 
cadherins experience dynamic force from many sources in vivo, e.g. blood pressure 
caused stretching, extracellular matrix pulling and cell generated force (44). Traction 
force microscope has determined that the tension force in E-cadherin mediated 
adhesion junction between MDCK cells is tens to hundreds of nano-Newton (45). In 
agreement with this study, about 60 nN tensile force was observed in VE-cadherin, a 
Type II cadherin, mediated cell junction with ~60 μm2 contact area (46). Particularly, 
in vivo experiment based on a FRET-based force sensor directly proves that 
E-cadherin single molecule experiences pN-tensile force at adhesion junction (47). 
These studies indicate that cadherin molecules experience dynamic force in vivo. 
On the other hand, force can regulate cell function as a mechanical signal and this 
regulation is important in some physiology processes such as morphogenesis and cell 
sorting (48-50). Studies suggest that similar to integrin (51-53), cadherins can act as a 
force sensor to transmit mechanical signal into cell to regulate cell function (18, 
54-56). Two possible pathways of this transmission have been proposed. i) Based on a 
series of studies (19, 57, 58), Leckband etc. proposed a model of direct tensile force 
transmission, as shown in Figure 1.6 (18). As described in Figure 1.2, classical 
cadherins form cadherin-catenin complex in vivo via the interactions between 
cytoplasmic domain and β-catenin as well as p120. Then β-catenin in turn binds to 
α-catenin. α-catenin is a stretch activated protein which can only bind to vinculin 
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under tensile force (59). According to the proposed model, in the absence of external 
force, the vinculin binding site in α-catenin is inhibited by a putative inhibitory 
domain, as shown in Figure 1.6A and B. When cadherins EC domains subject external 
force, the cadherin-catenin complex is stretched between the cadherins EC domains 
and the actin in the presence of Myosin II. Then the vinculin binding site in α-catenin 
exposes to recruit vinculin, as shown in Figure 1.6C and D. This process may trigger 
junction remodeling. ii) Besides the direct force transmission, the conformational 
change of cadherin EC domains may also transmit into the cytoskeleton. Monoclonal 
antibodies (mAbs) study shows that some mAbs binding induced conformational 
changes of cadherins EC domains can regulate cadherin interaction, e.g. dimerization 
and adhesion junction strength. In addition, these conformational changes can 
propagate across the membrane and trigger signaling events in cytoskeleton via the 
catenins (20, 21). Although these mAbs binding do not exist in vivo, dynamic force 





A B C D
 
Figure 1.6 Molecular basis of mechanical sensing of cadherins complex. A) In the 
released state, cadherins form cadherin-catenin complex with catenins and p120, no 
vinculin is recruited. B) In the released state, the vinculin binding site in α-catenin is 
inhibited by a putative inhibitory domain. C) In the tension state, tension force results 
conformational change. The vinculin binding site in α-catenin is then exposed. D) By 
binding to the vinculin binding site, the vinculin is recruited to the cadherin-catenin 
complex under the tension force. This model is proposed by Leckband etc. (18) 
 
Extensive studies have demonstrated that proper force can strengthen cadherins 
mediated adhesion junction. A magnetic twisting cytometry (MTC) study measured 
the strength of adhesion junction between cadherins expressed cell and cadherins 
coated magnetic bead. The results show that with a modulated shear force applied to 
the magnetic bead, the strength of the junction increased more rapidly (43). Similarly, 
the study based on microfabricated force sensors shows that the adhesion junction size 
between VE-cadherin expressed cells significantly increased in the presence of  
tensile force (46). In addition to these studies, the force enhancing effect on cadherins 
junction has also been observed in other cell based experiments (60, 61). Furthermore, 
AFM force spectroscopy experiments indicate that the dimer formed between two 
E-cadherin EC domains in 0.3 s contact time is catch bond, i.e. this bond becomes 
longer lived in the presence of tensile force (33). This phenomenon implies that the 
force enhancing effect may also exist on the single molecule level between cadherins 
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isolated EC domains. However, this kind of dynamic experiments on the single 
molecule level are still limited. Particularly, the investigation on Type II cadherins is 
lacking.  
On the other hand, there is substantial evidence that the force enhancing effect is 
essential for cadherins physiology function. Studies have shown that tensile force in 
vivo depends on Myosin II activity (46, 47) and Myosin II is necessary for stable 
cadherins mediated cell-cell adhesion (46, 47, 62-67). Additionally, previous MTC 
experiments directly demonstrated that the force is necessary for stable Type I 
cadherin mediated adhesion. In this study, cadherin expressed cells were incubated on 
the cadherins expressed soft (0.6 kPa elastic moduli) and rigid (34 kPa elastic moduli) 
gel respectively. The results show that the junctions between the cells and the soft gel 
are weaker and spread areas are much smaller than the one for the rigid gel (43). 
According to the aforementioned studies, dynamic force in vivo can regulate cell 
function in tissues. Cadherins act as one of the force sensor in this regulation process 
to transmit the force signal into cytoskeleton. This transmission results in a series of 
signaling events and strengthens the adhesion strength in return. However, the 
molecular basis of this strengthening effect and the detail of how does this 
strengthening effect regulate physiology processes such as morphogenesis and cell 





1.4 Question addressed in this thesis 
Although extensive studies have been performed as reviewed, the adhesion 
mechanism of cadherins, especially, the distinct adhesion mechanisms between Type I 
and Type II cadherins has not been fully understood yet. The main research gaps for 
the current studies are listed below: 
 Although the strand-swap dimer was supported by a series of studies with various 
approaches (14, 27, 33, 34), it probably experience further conformational change 
in vivo, e.g. lateral clustering or remodeled by cytoskeleton. The processes of 
these conformational change remain unknown. 
 The different clustering mechanisms of Type I and Type II cadherins observed in 
the artificial junction in vitro (37-40) may partly account for their distinct 
adhesive strength. However, this clustering structure was formed under the 
condition in the absence of force. Thus it probably is different from the structure 
of cadherin mediated junction in vivo. In addition, this structure has not been 
observed for Type II cadherins. 
 In vivo dynamic studies (18, 54-56) show solid evidence that the dynamic force 
plays an important role in cadherin adhesion and the distinct adhesion strength 
between Type I and Type II cadherins. However, due to their low resolution, 
these studies are inadequate in unveiling the underlying mechanisms. 
 So far, although a few studies (18, 19, 43, 46, 47, 68) were conducted to explore 
the role of dynamic force on cadherins on the single molecule level, most of them 
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focused on Type I cadherin. Such information of Type II cadherins is still 
lacking. 
To investigate the adhesion mechanism of classical cadherins, the present study 
explores the mechanical property of cadherin EC domains dimer and monomer on the 
single molecule level. More specifically, the force spectroscopy of cadherins 
homophilic interaction pairs unbinding and the cadherins monomers unfolding were 
investigated. AFM, magnetic tweezers experiments and SMD simulations were 
utilized in these force spectroscopy measurements. 
Direct comparison between the mechanical property of Type I and Type II cadherins 
EC domains in the present study could be a fundamental and successful step towards 
uncovering the cadherin adhesion process in vivo. Also, it should provide fundamental 
information for understanding the different adhesion mechanisms between Type I and 
Type II cadherins. In addition, the results suggest partial unfolding of the EC domains 
may happen in vivo. It is the very first attempt in considering the role of EC domains 
partial unfolding in the cadherin-mediated adhesion. 
The cadherins molecules used in the present study are the isolated EC domains rather 
than the full length molecule. Because a previous study (10) has shown that swapping 
other parts except EC domains do not affect the adhesive strength of Type I and Type 
II cadherins, the EC domains explored in the present study should be enough for the 
comparison between Type I and Type II cadherins. Also, the experimental results in 
this study do not unveil the detailed unfolding pathway of Type I and Type II 
cadherins EC domains. Although this information is important, it is difficult to 
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achieve regarding nowadays technology limitation. Therefore, this information was 
only investigated by the SMD simulations in the present study. 
In Chapter 2, technologies utilized in this study will be introduced. In Chapter 3, the 
unbinding of cadherins homophilic interaction pairs will be presented. In Chapter 4, 
the unfolding of cadherin monomers and its possible role in the cadherin physiology 




Chapter 2 Experimental technologies and theories 
In this chapter, experimental methods including sample preparation, instrumentation 
and data analysis will be introduced. For investigating the mechanical property of 
cadherins EC domains, three different approaches have been performed: Atomic Force 
Microscope (AFM), magnetic tweezers and Steered Molecular Dynamics (SMD) 
simulation. 
AFM has been extensively applied in many fields of science since it was invented in 
1986 (69). This technology was chosen as the prior approach in the present study 
because of four main reasons. Firstly, it can provide sub nanometer spatial resolution 
and pico-newton force resolution, which enables the assessment of single molecule 
force spectroscopy. Secondly, it does not require special staining, coating or 
conductivity for the sample, thus the sample preparation is easy. Thirdly, the 
measurement can be performed in buffer solution which mimics the condition in 
physiology. Finally, AFM is high-yielding, thus it can perform thousands of times 
force-extension measurements for each experimental condition in our experiments. 
This feature is important since bond rupture is a stochastic process. Thus, for a 
representative distribution of the data, thousands of force-extension curves are 
required.  
Magnetic tweezers can provide comparable spatial and force resolution as AFM. Its 
primary advantage over AFM is that it can apply a stable pico-Newton level force and 
maintain it for tens of minutes. On the contrast, AFM can only maintain for less than 1 
minute and the fluctuation on force is much higher. Therefore, this technology was 
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utilized to explore the probability of cadherins EC domains partial unfolding under 
low external force. However, because of its relatively low-yielding and difficulties in 
excluding non-specific binding in unbinding experiments, it was not utilized to 
measure cadherins unbinding in the present study.  
Owing to the rapidly increasing computing power and growing available protein 
structures from crystallographic and NMR studies, SMD simulation has become a 
powerful tool for exploring the dynamics of protein molecules. SMD simulations 
mimic the processes in force spectroscopy experiments. Different from AFM, 
magnetic tweezers and other experimental approaches which can only reveal limited 
microscopic detail, SMD simulation can provide atomic view of protein molecules 
under external force. Thus we chose this method to explore the mechanical properties 




2.1 Protein expression and sample preparation 
2.1.1 Protein expression and purification* 
Two types of cadherins EC domains have been utilized in our experiments. Their 
expression and purification procedures are listed below:  
i) E-cadherin and cadherin 7 EC1-5-His6 for AFM experiments 
The culture was spun at 4000g for 30 minutes and the supernatant was collected. 
Protease inhibitor cocktail (Calbiochem) was added to the media (100 ul per 1 L 
media). For optimal binding, the pH of the supernatant was adjusted to 7.5 using 
500mM Tris pH 8.0, 1.5 NaCl. 10 ml of Ni-NTA Agarose (Life Technologies) was 
added to the supernatant and shook at 80 RPM for 1 hour (4 ℃). The supernatant was 
then subjected to a second protein absorption with 5 ml Ni-NTA beads. The beads 
were collected and loaded into gravity columns and washed with 20 column volume 
(CV) of wash buffer (50 mM Tris pH 8.0, 500 mM NaCl, 2 mM Imidazole pH 8.0). 
The target protein was eluted with two mL elution buffer (50 mM Tris pH 8.0, 500 
mM NaCl, 250 mM Imidazole pH 8.0) few times until no protein was detected (Abs 
280) in the elution buffer. The eluted protein was subjected to buffer exchange (PD10 
column, GE healthcare) and digested with TEV protease (1:40 ratio of mg TEV 
protease: mg protein) at 4 ℃ overnight (van den Berg, 2005). The sample was then 
loaded onto a gravity column packed with Ni-NTA agarose beads for the removal of 
the free His6-Tag and TEV protease. The flow-through containing the target protein 
                                                             
*
 Experiments in this section were accomplished by Dr. Shen Shuo, Dr. Kumar in 
Institute of Molecular and Cell Biology, Proteos, Singapore and Ms Ahmed El Marjou 
in Institut Curie CNRS144, Paris, France 
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was collected. The fractions containing target protein were collected and concentrated 
using 10K MWCO concentrator (Vivaspin 20 ml, Sartorius Stedim Biotech) to 5ml 
before size exclusion chromatography (SEC). SEC was conducted in the AKTA 
Xpress system (GE Healthcare) using a HiLoad 16/60 200 Superdex prepgrade 
column equilibrated in GF buffer (20 mM HEPES, 300 mM NaCl, 10% (v/v) 
glycerol).  Elution peaks were collected in 2ml fractions and the purity of protein 
was analyzed on SDS-PAGE, as shown in Figure 2.1. The protein sample was 
concentrated using a 10K MWCO concentrator (Vivaspin 20 ml, Sartorius Stedim 
Biotech). 
ii) E-cadherin His6-EC1-5-Biotin for magnetic tweezers experiments.  
51 nucleotides (Avi51) encoding Avi biding site were inserted into SacI/SalI sites of 
pET22b(+), resulting in pET22b-Avi-EC1-5-His6 (Oligo SS04-10 and SS05-10 with 
Avi51 and SacI/SalI overhang annealed). The insert of the plasmid was confirmed by 
sequencing. Then the pET22b-Avi-EC1-5-His6 was transformed into BL21 (DE3) 
pLysS cells. The transformed cells were inoculated into 400ml LB medium 
(containing Amp) and incubated at 37 ℃ until OD600 reaching to 0.6 (about 3 
hours). Afterwards, the cells were inducted with 1mM IPTG at 18 ℃ for 16 hours. 
Then the cell pellet was centrifuged at 8,000rpm and resuspended in 20 ml of binding 
buffer (50 mM sodium phosphate buffer pH 7.4, 150 mM NaCl, 10 mM imidazole). 
After that, the cells were sonicated for 5 minutes on ice and centrifuged for 10 
minutes at 4 ℃ successively. The supernatant was utilized for protein purification 
with TALON Metal Affinity Resin (Clontech) following the manufacture’s instruction. 
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Finally, the purified protein was biotinylationed by Biotin-Protein-Ligase BIRA 
according to manual (GeneCopoeia) and E-cadherin Biotin-EC1-5-His6 was achieved.  
 
Figure 2.1 The photo of SDS-PAGE. The left (A3) and the right (B3) photo show the 
results of cadherin 7 and E-cadherin EC1-5-His6, respectively. 
 
2.1.2 Sample preparation and surface chemistry 
To acquire the force spectroscopy of cadherins unfolding and unbinding, it is 
necessary to immobilise cadherins EC domains onto the slide and the AFM tip 
properly. Different immobilization methods were utilized in AFM unbinding, AFM 
unfolding and magnetic tweezers unfolding experiments. In all these experiments, 
quartz slide (UQG optics) was utilized instead of normal glass slide to decrease the 
probability of non-specific binding. Before use, quartz slide was cleaned by washing 
successively in a sonicator with deionized water, ethanol and deionized water again 
for 20 min each step. Unless otherwise stated, a 25 mM HEPES, 125 mM NaCl and 3 
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mM CaCl2 buffer with a pH adjusted to 7.2 was used in all chemical modification 
procedures. 
Procedures of surface modification in AFM unbinding experiments are shown in Fig. 
2.1. NTA/Ni
2+
-coated AFM tip and quartz slide were prepared to immobilise 
E-cadherin and cadherin 7 EC1-5-His6. The tip and the slide were initially treated by 
air plasma (Expanded Plasma Cleaner, Harrick Plasma) for 5 min to remove organic 
contamination and oxidize the surface of Si AFM tip. After this step, the surface of 
AFM tip turned to SiO2 which is the same as the slide. Afterward the tip and the slide 
were coated biotin by incubating in 0.1 mg/ml Biotin labeled BSA (Sigma Aldrich) 
overnight and then washed by buffer. Meanwhile, 0.4 mM Biotin-PEG-SVA (Laysan 
Bio) was labeled NTA by reacting with 1 µg/mL Nα,Nα-Bis(carboxymethyl)-L-lysine 
hydrate (Sigma Aldrich) overnight, then the NTA labeled PEG was diluted and mixed 
with 0.1 mg/mg streptavidin (Sigma Aldrich) at 1:4 molar ration for 30min. Finally, 
biotin coated cantilever and slide in the first step were coated with this mixture 
solution for 30min and 100 mM NiSO4 for 30min sequentially. After washed by 
buffer again, the NTA/Ni
2+
-coated AFM tip and quartz slide were prepared. During 
the experiments, the NTA/Ni
2+
-coated AFM tip and quartz slide were incubated with 
15 l of ~ 20 g/ml protein solution in the buffer for 15 min. Then the slide was 
washed for 5 times by buffer to remove floating protein molecules. Before an 
experiment, the sample was incubated with 1mg/ml BSA for 1 hr to avoid 
non-specific binding. Also, the measurements were performed in the buffer containing 
0.1mg/ml BSA for the same purpose. 
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To ensure that the unbinding events observed in the experiments are the rupture of 
cadherins homophilic interaction pairs as we expected, the chemical modification 
method should meet two requirements. First, the linkages utilized should be stronger 
than the target interaction. In our unbinding experiments, linkages including 
NTA-His6 binding, SVA-NH2 binding, Biotin-Streptavidin binding and BSA 
adsorption were used. Among them, NTA-His6 linkage shows rupture forces between 
139 and 224 pN in previous AFM experiments where the loading rate is similar to the 
one in ours (70). In addition, in the unfolding experiments where cadherins molecules 
were immobilised on the slide via NTA-His6 linkage, the average detaching force is 
195 pN. These forces are much higher than the unbinding force measured in the AFM 
unbinding experiments (<120 pN). The SVA-NH2 and Biotin-Streptavidin binding 
have been utilized in previous AFM studies on cadherins unbinding (30, 31, 33, 41) 
and the unbinding forces are similar as the one in our experiments. Absorption of BSA 
has been utilized to measure the unbinding force of the Biotin-Streptavidin linkage 
and the rupture force of this complex is higher than 200 pN (71, 72). This force is also 
much stronger than the cadherins unbinding forces measured in the present study. To 
sum up, all the linkages utilized here is strong enough for our measurements. Second, 
in addition to the strong enough linkages, the chemical modification method also 
needs to ensure the orientation freedom of the EC domains to allow them to fit in the 
pocket of each other. In our method, the Biotin-PEG-SVA serves as a flexible spacer 
to meet this requirement. This is also a widely used method in previous studies (30, 





























Figure 2.2 Chemical modification method for AFM unbinding experiments. NTA/Ni
2+
 
function group was linked to the surface of AFM tip and substrate via the linkage of 
SVA-NH2 binding, Biotin-Streptavidin binding as well as BSA physical adsorption. 
Biotin-PEG-SVA serves as a flexible spacer to ensure the orientation freedom of the 
EC domains. 
 
The chemical modifications in AFM unfolding experiments are different from the 
AFM unbinding experiments. NTA/Ni
2+
-coated quartz slide was prepared in five steps 
by incubating sequentially in 1M NaOH solution for 15 min, 
propylmethyldimethoxysilane (Alfa Aesar) solution (1% 
propylmethyldimethoxysilane, 4% water, 95% ethanol) for 15 min; 0.05% 
glutaraldehyde (Sigma Aldrich) solution for 1 h; 1 µg/mL 
Nα,Nα-Bis(carboxymethyl)-L-lysine hydrate solution for 30 min, and finally in 100 
mM NiSO4 solution for 30min (73). After each step, the slide was washed thoroughly 
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by deionized water. During the experiment, the NTA/Ni
2+
-coated slide was incubated 
with 15 l of ~ 20 g/ml protein solution in buffer for 15 min and then washed for 5 
times by buffer to remove floating protein molecules. The Si AFM tip was treated by 
air plasma for 5 min and no additional modification was applied. 
Here in AFM unfolding experiments, the different immobilization method is to avoid 
the unfolding events from BSA, which serves as a linker in unbinding experiments. 
Only small molecules, which are impossible to generate the similar unfolding signal 
as the EC domains, were used for immobilization. Therefore all the unfolding events 
observed should be from the cadherins EC domains. The similar method has been 
used in a previous study (74). Also, the purpose of this experiment is for investigating 
the probability of unfolding happens prior to unbinding rather than the whole 
unfolding pathway. Thus the linkage strength only needs to be stronger than the 
cadherins bond. In these experiments, the detached force in unfolding experiments 
(~200 pN) is much higher than the cadherins unbinding forces (<120 pN). 
On the other hand, the reasons that this chemical modification was not utilized in the 
unbinding experiments are i) it shows a high probability of non-specific binding, 
which cannot be distinguished from cadherin interactions. ii) it does not provide a 
flexible spacer to ensure the orientation freedom of the protein molecules. However, 
these two limitations do not affect the unfolding measurements. 
The chemical linkages in magnetic tweezers experiments are shown in Figure 2.3A. 
Biotin-coated slide was prepared by incubation in the 1M NaOH solution for 15 min, 
propylmethyldimethoxysilane solution for 30 min, followed by incubation in 10 mM 
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HEPES (pH = 7.2) buffer with a mixture of 5 mM methyl-PEG-SVA (Laysan Bio) and 
5 nM Biotin-PEG-SVA (Laysan Bio) (75) for 4 h. Then this biotin coated slide was 
made into a micro fluidic chamber with a clean cover slide and ~60 μm thick double 
side tape as shown in Figure 2.3B and C. This chamber lowers the fluid speed in 
further incubation, thus can avoid washing away the beads linked on the substrate via 
EC domains molecules in consequential incubation steps. Also, it can help to get rid 
of solution evaporation and contamination during the measurements. Solutions of 0.2 
g/mL E-cadherin Biotin-EC1-5-His6 protein and 0.2 g/mL Neutravidin (Thermo 
Fisher Scientific) were mixed at a molar ratio of 1:1 for 30 min. Then this mixed 
solution was added into the micro fluidic chamber and incubated on the biotin-coated 
quartz slide for 30 min. A buffer containing 2mg/ml BSA was introduced for 
approximately 2 h to further block non-specific binding sites. Meanwhile, carboxyl 
group-functionalized green fluorescent magnetic beads (The Bangs Laboratories) with 
a diameter of ~2.8 µm were treated with a mixture of 50 mg/ml Sulfo-NHS (Alfa 
Aesar) and 50 mg/ml EDC (Thermo Fisher Scientific) in 50 mM MES (pH 4.7, Sigma 
Aldrich) activation buffer for 20 min, prior to incubation with 1 µg/ml 
Nα,Nα-Bis(carboxymethyl)-L-lysine hydrate for 4 h. The NTA-coated beads were 
then incubated with a solution of 100 mM NiSO4 for 1 h and stored in a HEPES 
buffer containing 1% BSA. Before experiments, NTA-Ni
2+
-coated beads were 
incubated on the quartz slide with Biotin-EC1-5-His6 proteins for 1 h, and the His6-tag 
at the C-terminal of the protein molecules were expected to bind to NTA-Ni
2+
 on the 
beads. Any residual unbound protein molecule was washed away by the buffer prior 
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Figure 2.3 Preparation for magnetic tweezers sample. A) Chemical modification 
method for magnetic tweezers unfolding experiments. The EC domains molecule was 
linked to the bead via the interaction between His6-tag at the C-terminal and 
NTA-Ni
2+ 
at the bead surface, and linked to the substrate via the interaction between 
biotin at the N-terminal and the Neutravidin immobilised on the slide. Methyl-PEG on 
the substrate is for lowering the EC domains density as thus to avoid one bead linking 
to multiple EC domains molecules. B) The preparation of micro fluidic chamber. C) 
The top view of the prepared micro fluidic chamber.  
29 
 
2.2 Atomic Force Microscopy 
2.2.1 Instrumentation 
The schematic of AFM is shown in Figure 2.4. The laser beam generated by a photo 
diode shines on the back of the cantilever and is reflected towards the photodiode 
detector. When there is a force detected by the tip at the end of a cantilever, the 
cantilever will be deflected. This deflection can cause the positional change of laser 
point on the photodiode detector. Therefore, by recording the laser point position, 
photodiode detector can monitor the force applied to the tip. The sample is mounted 
on a 3-dimentional (3D) PZT scanner and its movement can be precisely controlled 
by the signal from computer. Thus in our experiments, by moving sample, i.e. 
cadherins EC domains coated slide, towards and away from the tip of the cantilever 
(along Z axis in Figure 2.4), single EC domains molecule or their homophilic 


















Figure 2.4 Schematic of AFM. The laser beam shines on the back of the cantilever 
and is reflected to the photodiode detector. The laser point position on the photodiode 
detector is recorded and converted to the deflection of the cantilever by the computer. 
The sample is mounted on the 3D PZT scanner whose movement can be controlled by 
the computer. 
 
Although the working principle of AFM is simple, it can provide nano-meter spatial 
resolution and pico-Newton force resolution. Such a high resolution owes to its two 
core components: PZT scanner and force probe. 
PZT scanner is made from piezoelectric material, which can expand or contract 
proportionally to the applied voltage, as shown in Figure 2.5. On the commercial 
AFM (JPK Nanowizard II) utilized in the present study, the controlling of PZT 
scanner is “close loop”, i.e. the displacement of the scanner is detected by a capacitor 
sensor and the deviation from the setting value can be corrected by a feedback 
compensation signal. Therefore in our force spectroscopy experiments a spatial 







Figure 2.5 Working principle of PZT scanner. The elongation of the piezoelectric 
material can be controlled by the applied voltage. 
 
The standard AFM force probe is manufactured with MEMS technology and 
comprises a flexible cantilever and a sharp pyramid shape tip at the end of it. The 
probe utilized in the present study is HYDRA2R-100NG (The Applied Nano 
Structure Inc.). Its specifications are shown in Figure 2.6. As shown in the left figure, 
the cantilever is fixed on a standard chip with 3.4 mm length and 1.6 mm width. This 
design makes it can be easily fixed on the AFM tip holder. The cantilever is 100 μm 
long, 30 μm wide and 0.2 μm thick. The backside of the cantilever is gold coated for a 
better reflection of the laser beam. At the end of the cantilever, there is the pyramid 
shaped tip with a radius sharper than 10 nm. This sharp radius is essential for the 












Figure 2.6 Force probe of AFM (modified from Applied Nano Structure Inc).  
 
The cantilever can be approximately considered as a spring. Thus, the deflection of 
the cantilever monitored by the photodiode detector can be converted to force by 
simply multiplying its spring constant according to Hook’s law. In our experiments, 
the spring constant is calibrated before each experiment with the thermal noise 
method (76). This calibration method is widely used because it can provide 
convenient in situ calibration in solution. During the calibration, the power spectrum 
of density of the cantilever fluctuation in solution is measured, as shown in Figure 2.7. 
Because the fluctuation of the cantilever is typically sub nano-meter which is very 
small, the cantilever can be approximately treated as a simple harmonic oscillator 
with one degree of freedom. According to equipartition theorem, the fluctuation 






𝑘 < 𝑞2 >=
1
2
𝑘𝐵𝑇 where k is the spring constant of the cantilever, q is the deflection of the 
cantilever, < 𝑞2 > is the average 𝑞2 over time, 𝑘𝐵 is the Boltzmann constant and 
T is the temperature. To exclude the fluctuation caused by other noises besides 
thermal motivation, the power spectrum of density curve is fitted by a Lorentzian line 
as shown in Figure 2.7. Because other types of noise are unlikely to have a resonance 
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peak as the cantilever, they are excluded by this Lorentzian line fitting. Thus, the area 
under the Lorentzian line is the power of fluctuation driven by thermal motivation. 
This value should be equal to < 𝑞2 > . Then the spring constant can be obtained by 
𝑘 = 𝑘𝐵𝑇/< 𝑞
2 >  (76). In our experiments, measured spring constants of the 
cantilevers range from 5 pN/nm to 20 pN/nm. 
Frequency (kHz)




















Figure 2.7 Spring constant calibration of AFM cantilever. The power spectrum of 
density curve (green) is fitted by the Lorentzian line (red). Both acquisition and fitting 
were performed by the control software of JPK Nanowizard II AFM. 
 
2.2.2 Measurement procedure 
The experimental setup of AFM unbinding experiments is shown in Figure 2.8A. The 
cadherins EC domains molecules are immobilised on both the AFM tip and the slide 
with the method aforementioned. During the experiments, the tip was allowed to 
contact the slide with a pushing force of 10 pN. Occasionally homophilic interaction 
pair of cadherins EC domains can form between two molecules from the opposite 
sides. Afterward the tip was withdrew with a constant velocity to break the pair and 
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the unbinding event can be observed. Three force cycles have been utilized in our 
experiments: 2 s contact, 10 s contact and pull-release-pull cycle. The details of each 





















Figure 2.8 Schemes of AFM unbinding experiments. A) The AFM tip and the slide 
were functionalised with the method described in Figure 2.2. Surface density of the 
EC domains monomers is ~120 per μm2, which was measured in the control 
experiment shown in Figure 3.2. B) Typical force scan curve in 2 s and 10 s contact 
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force cycles. AFM tip was pushed towards the slide to 50 pN (blue trace), and then 
immediately retracted to maintain 10 pN pushing force for 2 or 10 seconds to allow 
cadherins on the tip and the slide to form homophilic interaction pair (red trace). Then, 
the tip was retracted at 600 nm/s for 1 second to detect the bond rupture event (green 
trace). C) Typical force scan curve in pull-release-pull force cycle. The AFM tip was 
pushed towards the slide to 50 pN (blue trace), and then immediately retracted to 
maintain 10 pN pushing force for 2 seconds to allow cadherins on the tip and the slide 
to form homophilic interaction pair (red trace). Then, the tip was retracted until the 
tension force reached 25 pN (green trace) and pushed toward the slide again (blue 
trace), then held at 10 pN for 2 seconds (red trace). Finally, the tip was retracted at 
600 nm/s for 1 second to detect bond rupture event (green trace). 
 
The setup of AFM unfolding experiments is shown in Figure 2.9A. Different from the 
unbinding experiments, there is no modification on the AFM tip and the EC domains 
are immobilised on the slide via small molecules, i.e. no PEG, BSA or streptavidin 
has been used. The typical force-time curve and the force cycle of the measurement is 

















Figure 2.9 Schemes of AFM unfolding experiments. A) The slide was functionalised 
with Ni
2+
-NTA, which could immobilise His6-tagged proteins. The AFM tip was 
cleaned by air plasma before use with no further treatment. B) Typical force scan 
curves in unfolding measurements. The AFM tip was pushed towards the slide to 50 
pN (blue trace) and held at this force for 1 second (red trace), then retracted at 600 
nm/s for 1 second (green trace). Occasionally, a single protein molecule was 
mechanically stretched between the tip and the slide. Then a sawtooth pattern 
unfolding curve could be observed. 
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2.2.3 Data Analysis  
In both AFM unbinding and unfolding experiments, retracted force-extension curve 
was analyzed. For unbinding experiments, the unbinding force is the peak force 
before rupture event and can be directly achieved. In pull-release-pull force cycles, 
only the curves showed an unruptured force peak during the first time pulling were 
taken for further analysis. 
For unfolding experiments, worm-like-chain (WLC) model was utilized to analyze 
protein conformational change. As semi-flexible polymer, the behavior of protein 















)       2.1 
Where F is the external force applied to the protein molecule, P is the persistence 
length which quantify the stiffness of protein molecule, typically this value is around 
0.4 nm in AFM experiments where force is higher than 50 pN (78), z is the end-to-end 
extension of the protein molecule which can be directly measured in the experiments, 
L, the contour length, is the length of the protein molecule in fully elongated state. As 
shown in Figure 2.10, each force peak in the sawtooth pattern force-extension curve 
were fit by a WLC curve with P and L adjustable (74). The force of the prior peak in 
two adjacent peaks is recorded as the unfolding force F. The difference between the 
contour length of these two peaks is recorded as contour length change ΔL. 
The data of AFM experiments was processed by a C# program written by me and will 












Figure 2.10 WLC fitting of unfolding force-extension curve. The sawtooth pattern 
force-extension curves (green) were fit to WLC curves (red) with persistence length 
and contour length adjustable. The unfolding contour length change ΔL is the 
difference between contour length of two adjacent force peaks. The corresponding 








The schematic of our home-build magnetic tweezers/evanescent nanometry system is 
shown in Figure 2.11. The design is based on a reported system (79). Cadherins EC 
domains molecule was immobilised on the slide with the other terminal linked to the 
fluorescent magnetic bead. The sample was sealed in a micro fluidic chamber 
prepared with the aforementioned method. The micro fluidic chamber was placed on 
the objective of Olympus IX71 Total Internal Reflection Fluorescence(TIRF) 
microscope. Laser beam from an Argon-ion laser (43 Series Ion Laser, Melles Griot) 
with ~0.2 mW power shone on the back side of the substrate where the bead 
immobilised and underwent total internal reflection. Evanescent wave was generated 
on the other side of the substrate in turn. This evanescent wave can stimulate the 
fluorescent magnetic bead and results in a fluorescence with wavelength around 512 
nm. The strength of the stimulated fluorescence is proportional to the strength of the 
evanescent wave. Because the strength of evanescent wave decay exponentially with a 
decay constant around 1/(100 nm), by monitoring the fluorescence strength of the 
bead with a EMCCD camera (QuantEM 512sc, Photometrics), the movement of the 
bead along the perpendicular direction can be recorded. The typical spatial resolution 
along this direction is of a few nm. 
Permanent magnet was utilized to apply force on the fluorescent magnetic beads, as 
                                                             
† Experiments in this section were collaborated with Mr. Lu Chen in Mechanobiology 
Institute, Singapore. Mr. Lu Chen performed force calibration and measurement. I 
performed instrumentation, programming and data analysis.  
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shown in Figure 2.11. Its parameters were optimized by the software Finite Element 
Method Magnetics (FEMM). Both magnet pieces are 5mm×5mm×25mm and are 
made of  N52 NdFeB magnet. For achieving a higher force, the magnet was 
customized, no chamfering was performed during the mechanical processing and no 
anti-oxidation coating was on the contact surface between two pieces. The force is 
calibrated based on the fluctuation-dissipation theorem and the accuracy is a few pN 
(80). Because the magnet is farther than 100 μm away from the beads, sub μm level 
mechanical vibration or drift of the system does not result in a significant fluctuation 
in force. Thus, the force can stay stable for tens of minutes. This is the prior advantage 
of the magnetic tweezers over AFM. In AFM experiments, even nm level mechanical 
drift can result in ~10 pN change in force, therefore even with a precise PID feedback 
system, the constant force can only maintain for ~1 minute on AFM. 
This magnetic tweezers/evanescent nanometry system was initially controlled by an 
Igor program and later by a C# program wrote by me to improve the robustness and 
operating convenience. Before the measurement, calibrations of the force and TIRF 

















Figure 2.11 Schematic of Magnetic tweezers/evanescent nanometry system. The 
permanent magnet was designed based on the simulation results of FEMM and can 
apply force on the fluorescent magnetic bead (blue ball). The sample was prepared as 
described in Figure 2.3 and placed on the objective of TIRF microscopy. The green 
colour laser with 488 nm wavelength undergoes total internal reflection on the 
backside of the sample and generate evanescent wave in the micro fluidic chamber. 
The evanescent wave is shown in gradient change green. The fluorescent magnetic 
bead was excited by this evanescent wave. Its fluorescence strength was utilized to 
determine it positional change along the perpendicular direction. 
 
Force calibration 
The force calibration follows the method described in a previous publication (80). The 
magnetic force applied to the bead was measured by the fluctuation-dissipation 
theorem with a λ-DNA (48 kb and ~16 microns in length) or a protein molecule as a 
linker between a magnetic bead and a slide (80, 81), as shown in Figure 2.12. The 
fluctuation of the bead on the horizontal direction 𝑋 perpendicular to the magnetic 
field is recorded. Under magnetic force, the bead and the linker can be approximately 
treated as a pendulum whose spring constant is 
𝐹
𝐿
, where F is the applied magnetic 
force, L is the length of the linker plus the radius of the bead. According to the 
equipartition theorem, the fluctuation on one degree of freedom caused by thermal 
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𝑘𝐵𝑇. Where < 𝑥
2 >




         2.2 
The bead containing super-paramagnetic material, iron oxide, is a magnetic moment 
under external magnetic field. Therefore, the magnetic force 𝑭 applied on it follows 
the equation: 










Figure 2.12 Force calibration of magnetic tweezers. The bead was immobilised on the 
slide via a λ-DNA or a protein molecule. The system was treated as a pendulum. The 
length of the pendulum is the summation of the length of λ-DNA/protein molecul and 
the radius of the bead. The horizontal displacement of the bead along X direction was 
record to calculate the force applied to it. Here we did not used the displacement 
along Y direction because the fluctuation of the bead along this direction is restricted 
by the magnetic field (80). 
 
According to our FEMM simulation and previous publication (80), the magnetic field 
𝑩 decays exponentially from the magnet. Also, the super-paramagnetic bead should 
be nearly saturated in our experiments (80). Thus, 𝒎 in equation 2.3 is a constant. 
The magnetic force 𝐹 and distance 𝑑 between the magnet and the bead should 
follow an exponential equation, i.e. 
             log F = kd + c              2.4 
where k and c are coefficients determined by the fitting in force calibration. 
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During the force calibration, the magnet was moved towards the sample step by step. 
At each step, the fluctuation of the bead in the X direction was recorded for ~20 
seconds with a 100 Hz sampling rate by the camera. The corresponding force was 
calculated according to equation 2.2. The logarithms of the force log F was plotted 
over the distance between the magnet and the bead d. The coefficients k and c in 
equation 2.4 was achieved by linear fitting, as shown in Figure 2.13. Among different 
beads, coefficient k keeps constant around -0.34 (-0.34±0.03), while coefficient c 
ranges from 1.23 to 1.71 (1.47±0.20) due to various size of the beads. This 
phenomenon is in consistent with the previous publication (80).  
In the present study, each bead was calibrated after the unfolding experiment to 
determine the coefficients k and c. The force was then calculated by the position of 
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Figure 2.13 Force versus distance curve in force calibration. Curves with different 
colors denote the results from different beads. The logarithm of the force linearly 
dependent on the distance between the magnet and the bead. The slops among 
different beads are similar while the intercept differs.
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TIRF calibration  
In our magnetic tweezers/evanescent nanometry system, positional change of the bead 
on the direction perpendicular to slide was measured by its fluorescence intensity 
change. Therefore, the relation between the positional and the intensity changes needs 
to be calibrated before our experiments. 
In our experiments, the laser light shone on the interface between the quartz slide and 
the solution in the micro fluidic chamber from the slide side. Total internal reflection 




) , where 𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛  around 1.3 and 𝑛slide  around 1.5 are the 
reflective index of the solution and the slide respectively. The total internal reflection 
generated evanescent field within a limited region near the interface in the solution. 
This evanescent field is capable of exciting fluorescent bead. The strength of this 
evanescent field decay exponentially from the interface and follows the equation: 
𝐸(𝑧) = 𝐸0𝑒
−𝑧/𝑑           2.5 
Where 𝐸(𝑧)  is the field strength at the perpendicular distance z from the 
interface, 𝐸0 is the field strength at the interface, 𝑑 is the TIRF depth. 
The fluorescence of the bead is excited by the evanescent wave, its intensity is 






= 𝑒−(𝑧1−𝑧2)/𝑑         2.6 
Where 𝐼(𝑧1) and 𝐼(𝑧2) are the fluorescence intensity of the bead at the positions 𝑧1 
and 𝑧2 perpendicular distance from the surface respectively. Therefore, positional 
change of the bead along 𝑧 direction ∆𝑧 can be calculated from the measured 
intensity by the equation : 
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∆𝑧 = 𝑧1 − 𝑧2 = −𝑑 ∙ 𝑙𝑛
𝐼(𝑧1)
𝐼(𝑧2)
         2.7 
      
The main purpose of the TIRF calibration is to determine the TIRF depth 𝑑 . 





2 𝑠𝑖𝑛2 𝜃 − 𝑛𝑠𝑜𝑙𝑢𝑡𝑖𝑜𝑛 
2)−1/2      2.8 
where 𝜆 is the wavelength of the laser, 𝜃 is the incidence angle. However, because 
the incidence angle  𝜃 , reflection index 𝑛solution and 𝑛slide  cannot be accurately 
measured, the TIRF depth 𝑑 cannot be calculated by this equation in practice. In our 
experiments, this value was determined by measuring and fitting the 
intensity-distance curve of a fluorescent bead mounted on an AFM cantilever. 
Fluorescent bead modified cantilever and a piezoelectric actuator was utilized for the 
calibration. 
The preparation process of the bead modified cantilever is shown in Figure 2.14. The 
setup contains a micromanipulator (MP285, Sutter Instruments) and slides with 
different surfaces. The AFM cantilever was mounted on the micromanipulator via a 
holder, thus it can be manipulated in 3 directions with a ~0.5 μm accuracy. Firstly, the 
cantilever was moved to the view field of the microscope via CT mode. Afterward, as 
shown in Figure 2.14A, a slide with a thin layer of epoxy (~100 μm) was placed on 
the objective. The tip was gently moved towards the slide by the micromanipulator 
and withdrew after it touched the surface. A thin layer of epoxy glue was then coated 
on the cantilever. To avoid too much epoxy glue which may immerse the fluorescent 
bead, a clean slide was utilized, as shown in Figure 2.14B. The amount of glue on the 
cantilever was adjusted by repeatedly touching the cantilever on the clean slide. 
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Finally, as shown in Figure 2.14C, a slide with sparse fluorescent beads was used. The 
cantilever with the proper amount of glue on it was manipulated to pick up one bead. 
Before the calibration experiments, the cantilever was kept for at least 24 hours to 















Figure 2.14 Preparation process of fluorescent bead modified cantilever. 
 
For achieving a nano-meter spatial accuracy on the perpendicular direction, a close 
loop piezoelectric actuator (Physik Instrumente) with a 15 μm range was utilized. The 
fluorescent bead modified cantilever was mounted on it. The actuator is fixed on the 
micromanipulator, as shown in Figure 2.15A. The actuator is controlled by a 
controller (E621, Physik Instrumente) which can convert the analog signal from a 
DAC card (USB-6009, National Instruments) to the control signal of the actuator and 
can read the elongation of the actuator by its internal sensor. The main noise on the 
elongation is from the DAC card and is ~10 nm peak-to-peak according to the sensor 
reading.  
During the calibration experiments, a clean quartz slide with the same buffer solution 
as the one used for protein unfolding experiments was placed on the microscope and 
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the laser shone on it as aforementioned. Firstly, the actuator was brought to the slide 
by the micromanipulator in its elongated state until the bead on the cantilever touched 
the slide surface. Because the cantilever is flexible (spring constant ~10 pN/nm), the 
force applied to the slide is negligible and does not disturb the evanescent field. 
Afterward the actuator was shortened step by step for 60 steps, each step is 10 nm and 
was maintained for 2 seconds. The fluorescence intensity of the bead was recorded by 
the camera with 100 Hz sampling rate. The average values of the intensity acquired at 
each step were plotted over the corresponding distance from the surface. Then this 
curve was exponentially fitted and the TIRF depth d was achieved, as shown in Figure 
2.15B. Because of the mechanical drift of the system, TIRF calibration was performed 
























Figure 2.15 TIRF depth calibration. A) The schematic of TIRF calibration experiment. 
During the calibration, the cantilever was withdrew from the surface and the 
fluorescence of the bead mounted on it was recorded. B) An example of calibration 
results. The black curve shows the intensity of the bead fluorescence over the distance 
from the slide surface. This curve was fitted by an exponential curve (red) and a depth 
d=209 nm was achieved from the fitting. 
 
2.3.2 Measurement procedure and data analysis 
In magnetic tweezers experiments, constant force was applied to the cadherins EC 
domains molecules. Before the experiments, the magnet was centred to ensure that the 
force is perpendicular to the slide. Moved by the micromanipulator, the magnet was 
firstly brought to a clean slide placed on the microscope objective and then located to 
the centre of microscope view. Afterward, the clean slide was removed and the 
magnet was withdrew. The sample was then placed on the objective and the magnet 
was brought to the sample until the force between them caused the microscope focus 
change. Successively, the magnet was retracted for 500 μm and maintained there for 
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the rest of the experiments. 
A typical extension-time curve achieved in the magnetic tweezers experiments is 
shown in Figure 2.16. Both unfolding and refolding events were observed. The curve 
was fitted with a reported algorithm (82). The time between a pair of consequent 
events was recorded as dwell time. The contour length change of each event was 





















Figure 2.16 A typical curve in magnetic tweezers experiments. Extension-time curve 
achieved in magnetic tweezers experiments (black) was fitted with a reported 
algorithm (red) (82). The contour length change ΔL was calculated from the extension 
change by WLC model. The dwell time t of each step was recorded to calculate the 
unfolding/refolding rate. Both unfolding and refolding events were observed in this 




2.4 SMD simulation 
2.4.1 Steered Molecular Dynamics 
In SMD simulation, atoms are treated as classical balls whose movements are 
calculated by solving classical motion equations. This process mimics the force 
spectroscopy measurements in the AFM and magnetic tweezers studies. The cadherins 
EC domains molecules were solvated in buffer and applied an external force field. 
The molecules thus experienced unfolding or unbinding in this process. The SMD 
simulation comprises two main steps: system initialization and molecular dynamics. 
System Initialization 
In system initialization, the system containing protein and buffer molecules is built . 
The initial coordinates and momentums of all atoms in this system are assigned. The 
initial coordinates of atoms in the protein molecules are assigned according to the 
structures in the protein data bank, which were achieved by previous crystallographic 
or NMR studies. Then an ionized water box is built to solvate this protein structure. In 
the water box, the initial coordinates of water molecules are taken from pure water 
simulations and the ions are added into the box by placing positive ions in 
electronegative pockets and negative ions in positively-charged cavities to neutralize 
the system. Afterward the protein structure is placed into the water box and the 
overlapped water molecules and ions are removed. By this step, the initial coordinates 
of all the atoms in the system are assigned. 
The initial velocities of the atoms in the system are firstly assigned randomly from a 
uniform distribution on an interval, e.g. [0,1]. Afterward, to make the total linear 
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momentum 0, the velocities are shifted with a constant accordingly. Then, to make the 
temperature of the system at the target value, all velocities are scaled based on the 
equipartition theorem. According to the equipartition theorem, the average kinetic 
energy per degree of freedom is 
𝑘𝐵𝑇
2







         2.9 
For a system containing N atoms, total kinetic energy: 











       2.10 
where i corresponds to each atoms and d corresponds to the three degrees of freedom 
in the space. According to equation  2.10, the temperature of the system can be adjust 
to the setting value TMD by scaling all velocities with the factor √𝑇𝑀𝐷/𝑇.  
Note that although the initial velocities are uniformly distributed, they will evolve to 




After the initialization, the coordinates q(q1, q2 q3…qN) and momentums p(p1, p2 
p3…pN) of all N atoms in the system are assigned. In the molecular dynamics, the 
evolvement of q and p over time is iteratively calculated by solving classical motion 
equations for each step as described in a previous publication (83). The interval time 
∆t between each step typically is 1 fs, which is shorter than the bond vibration time 
scale. The Hamiltonian of the system is consists of kinetic energy which is the 
function of p and the potential energy which is the function of q. 
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𝐻(𝒑, 𝒒) = 𝐾(𝒑) + 𝑉(𝒒)                2.11 







         2.12 
The potential energy model utilized in molecular dynamics consists of elements as 
follows: 




2           2.13 
where 𝑘𝐵ond is force constant of the bond, r is bond length, 𝑟0 is the reference bond 
length. 




2            2.14 
where 𝑘Angle is force constant, 𝜃 is bonds angle, 𝜃0 is the reference angle. 
The energy of dihedral angle of four covalently bonded atoms: 
𝑘𝐷𝑖ℎ𝑒𝑑𝑟𝑎𝑙 (1 + 𝑐𝑜𝑠(𝑛∅ + 𝛿))        2.15 
where 𝑘dihedral  is force constant, n is symmetry coefficient, ∅ is dihedral angle, δ 
is the phase shift. 











)         2.16 
Where ϵ is the depth of the potential well, 𝜎 is the finite distance at which the 
inter-particle potential is zero, both of them are parameters. r is the distance between 
the particles. 





          2.17 
where 𝑄1, 𝑄2 are the charges of two atoms, 4𝜋𝜀0 is the constant, r is the distance 
between two atoms. 
To sum up, the total potential energy of the system V(𝐪) is the summation of 













+ ∑ 𝑘𝐷𝑖ℎ𝑒𝑑𝑟𝑎𝑙,𝑖(1 + 𝑐𝑜𝑠(𝑛𝑖∅𝑖 + 𝛿𝑖))
𝐷𝑖ℎ𝑒𝑑𝑟𝑎𝑙


















The parameters, i.e. 𝑘𝐵ond,i,  𝑟0,  𝑘Angle,i, 𝜃0, 𝑘Dihedral,i, n𝑖, δ𝑖 , ϵij, 𝜎ij, 𝑄𝑖  are defined 
by the force field file. In the present study, CHARMM27 force field (84), a force field 
widely used in protein SMD studies, has been utilized. 
Generally, the calculation for the system evolvement over time are performed by 













       2.18 
By Taylor expansion, the coordinates of the next step 𝑞𝑘(𝑡 + ∆𝑡) and the last step 
𝑞𝑘(𝑡 − ∆𝑡) are : 






∆𝑡3 + 𝑂(∆𝑡4)    2.19 






∆𝑡3 + 𝑂(∆𝑡4)    2.20 
The coordinates of the next step can be calculated by adding 2.19 and 2.20 together: 
𝑞𝑘(𝑡 + ∆𝑡) = 2𝑞𝑘(𝑡) − 𝑞𝑘(𝑡 − ∆𝑡) +
?̇?𝑘
𝑚𝑘
∆𝑡2 + 𝑂(∆𝑡4)     2.21 
Then momentum of the next step is calculated by equation 2.18 accordingly. 
During the molecular dynamics, the protein molecule is firstly evolved with the 
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potential energy 𝑉(𝒒) as described above for equilibration. Afterward, similarly with 
the AFM experiments, one terminal of the protein molecule is fixed while the other 
terminal is restrained to a point in the space which mimics the AFM tip. To perform 
the constant velocity pulling as in the AFM experiments, an extra potential 
𝑈 = 𝑘(𝑥0 + 𝑣𝑡 − 𝑥)
2/2         2.22 
is applied to the restrained point which corresponds to the external force 
𝐹 = 𝑘(𝑥0 + 𝑣𝑡 − 𝑥)             2.23 
where 𝑘 is the spring constant, 𝑥0 is the initial position of the restrained point, 𝑣 is 
the pulling speed, 𝑡 is the time and 𝑥 is the position of the restrained point. 
2.4.2 SMD simulation of cadherin EC domains 
Protein structure utilized 
In the present study, different structures including three Type I cadherins, E-cadherin, 
N-cadherin, C-cadherin, and two Type II cadherins, cadherin 8, cadherin 11 were 
utilized for unbinding and unfolding simulations. We did not utilize cadherin 7 as in 
the AFM experiments because its crystallographic structure remains unresolved yet. 
Besides, structures derived from the first two extra-cellular domains EC12 instead of 
the full length EC1-5 domains were utilized in the simulations. This is because most 
crystallographic studies were performed on EC12 structures. Thus, limited types of 
available cadherins structures of full length EC1-5 domains are not enough for the 
comparison. Still, because crystallographic studies suggested the interaction between 
cadherins is strand-swap dimerization and this dimer structure only involves EC1 
domain for both Type I and Type II cadherins, the EC12 domains should be enough 
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for investigating the cadherins mechanical properties. Also, the exclusion of EC3-5 
domains significantly saves the simulation time since the computation time is 
dominated by O(N) computation (85) where N is the number of atoms in the system. 
Totally nine different structures including six monomers and three dimers were used 
in the SMD simulations. The monomers including ECAD which derive from 
extracellular domains of E-cadherin (PDB code 2QVF) and include residues 1 to 213, 
NCAD which derive from extracellular domains of N-cadherin (PDB code 2QV1) and 
include residues 1 to 215, CCAD which derive from extracellular domains of 
C-cadherin (PDB code 1L3W) and include residues 1 to 217, CAD8 which derive 
from extracellular domains of cadherin 8 (PDB code 2A62) and include residues 1 to 
213, CAD11 which derive from extracellular domains of cadherin 11 (PDB code 
2QVF) and include residues 1 to 207. All these structures contain the resolved Ca
2+
 
ions at the linker region between EC1 and EC2 domains. Also, to investigate the role 
of Ca
2+
 ions in stabilizing EC domains structure, the monomer ECAD-NOCA was 
also utilized for the simulation. This structure is the same as ECAD except the Ca
2+
 
ions were deleted. Besides the monomers, three dimers were utilized for the 
unbinding simulations. The dimers were assembled by two EC12 domains of 
corresponding cadherins binding through a strand-swapping interaction, i.e. the 
exchange of their N-terminal β-strands and the symmetric insertion of the conserved 
Trp2 side chains in Type I cadherins (9, 27) or Trp2 and Trp4 side chains in Type II 
cadherins (14). ECAD-D, CAD8-D, CAD11-D ensembled by two ECAD, CAD8, 






In the system initialization step, the protein structures were spatially aligned first. For 
the monomers (ECAD, ECAD-NOCA, NCAD, CCAD, CAD8, CAD11), the vector 
joining the N atom of the N-terminal residue and the Cα atom of the C-terminal 
residue was oriented along the x axis. While for the dimers (ECAD-D, CAD8-D, 
CAD11-D), the vector joining two Cα atoms of the C-terminal residues was oriented 
along the x axis. The construction of ionized water box and the solvation of the 
protein structures were performed by the VMD (86) plugin Solvate. 0.1 M NaCl was 
placed into the systems for neutralization. Initial momentum of the system was also 
assigned by VMD. 
 
Molecular Dynamics 
Molecular dynamics were implemented by NAMD in the present study (87) and the 
time step is 1 fs. Periodic boundary conditions were introduced, i.e. one side of the 
system loops back to its opposite side. The distance between the periodic boundary 
and the protein structure was always longer than 12.5 Å. The size of the periodic cells 
are listed in Table 2.1. For improving the time performance of the simulation, some 
common approximation were implemented: for van der Waals interaction, a cutoff of 
12 Å and switching function at 10 Å are assumed. For long-range Coulomb force, the 
Particle Mesh Ewald (PME) method was used without cutoff and the density of the 
grid points for PME is at least 1 Å
-2
 in all cases. Also, the Coulomb force was 
computed every two time steps because the frequency of this interaction is much 
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lower than short range interaction such as covalent bond which needs to be computed 
every single step. 
During the molecular dynamics, the system was firstly equilibrated in the constant 
number, pressure and temperature (NpT) ensemble for 0.6 ns, then the potential 
energy corresponds to the pulling force was applied as aforementioned. Generally, a 
pulling speed 0.1 Å/ps and a spring constant 69.5 pN/ Å were used, as shown in Table 
2.1. The pulling process was simulated in the constant number and volume (NV) 
ensemble. Langevin dynamics was used to maintain the temperature at 310 K in the 
NpT ensemble with the damping coefficient of 1 ps
-1
. This value is chosen to speed up 
conformational changes of the structures by reducing the solvent viscosity. Also, the 
hybrid Nose-Hoover Langevin piston method was utilized to maintain the pressure at 
1 atm in the NpT ensemble with a decay period of 200 fs and a damping-time constant 





















ECAD 691×73×65 315 6 0.1 69.5 
ECAD-NOCA 689×64×74 314 6 0.1 69.5 
NCAD 691×82×80 440 6 0.1 69.5 
CCAD 700×80×61 326 6 0.1 69.5 
CAD8 799×71×81 445 6 0.1 69.5 
CAD11 787×64×77 375 6 0.1 69.5 
ECAD-D 205×55×76 82 0.5 0.1 69.5 
CAD8-D 238×64×55 81 0.9 0.1 69.5 
CAD11-D 212×71×52 75 0.9 0.1 69.5 




2.5 Forced bond dissociation 
2.5.1 Physical description of bond dissociation 
In our force spectroscopy experiments, the unfolding/unbinding events observed 
correspond to the rupture of non-covalent bonds. This process is expected to be a 
two-state kinetic process and can be described by the transition state theory: 





         2.24 
where Bound corresponds to folded or associated states, Unbound corresponds to 
unfolded or dissociated states, KU and KB correspond to unfolding/unbinding rate 
and folding/binding rate respectively. The concentration of molecules in the bound 
state [Bound] and unbound state [Unbound] follow the equation: 
      
d[Bound]
dt
= −KU[Bound] + KB[Unbound]       2.25 
In the equilibrium state, this equation equals to 0 and the equilibrium constant Keq is 
defined as: 






         2.26 
According to Van't Hoff equation, the Gibbs free energy change ∆G can be calculated 
by : 
         ∆𝐺 = 𝑅𝑇𝑙𝑛𝐾𝑒𝑞          2.27 
where R is the gas constant and T is the temperature. 
Considering a bound state of protein molecules confined by an energy barrier of ∆G∗ 
(Figure 2.17), because the solution of the protein molecules always remains the same 
temperature as the environment, the protein molecules can be considered as a 
canonical ensemble and follow Boltzmann distribution. Therefore, the 
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unbinding/unfolding rate KU follows: 
          𝐾𝑈 ∝ 𝑒
−
∆𝐺∗
𝑘𝐵𝑇        2. 28 
This equation denotes that the unbounded rate, i.e. unfolding/unbinding rate depends 



















Figure 2.17 Energy barrier of protein unfolding/unbinding. The height of the energy 
barrier from Bound to Unbound state is ∆G∗. 
 
2.5.2 Bond dissociation under force 
To observe the unfolding/unbinding events of the cadherins EC domains 
monomers/dimers, force was introduced to change the unfolding/unbinding rate by 
lowering the energy barrier. In our magnetic tweezers experiments, constant force was 
applied to the protein molecules. As shown in Figure 2.18, according to Bell-Evans 
theory (88, 89), this external force F results in an extra mechanical potential −𝐹∆𝑥, 
where ∆x is the reaction coordinate. In protein unfolding/unbinding, the energy 
barrier is always sharp and high, thus this mechanical potential does not significantly 
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change the position of the energy barrier. Thus, the energy barrier reduces to 
∆𝐺∗ − 𝐹𝑥𝛽, where 𝑥𝛽 is the projection of energy barrier on the force direction. The 
unbound rate under constant force F increases to: 
         𝐾𝑈(𝐹) = 𝐾𝑈𝑒
𝐹𝑥𝛽
𝑘𝐵𝑇         2.29 
Where 𝐾𝑈 is the intrinsic unfolding/unbinding rate without external force. For a 
certain force, the 𝐾𝑈(𝐹) is a constant. After the force 𝐹 applied, the population of 
molecules or dimers in bound state [Bound] of an ensemble follows the equation: 
        
𝑑[Bound]
𝑑t
= −𝐾𝑈(𝐹)[Bound]       2.30 
therefore: 
         [Bound] = 𝑒−𝐾𝑈(𝐹)∙𝑡          2.31 
According to this equation, the distribution of the living time of protein molecules or 
dimers before unfolding/unbinding can be fitted by an exponential curve. The 
























Figure 2.18 Lower energy barrier caused by a constant force. The energy barrier in the 
absence of force is shown in red curve. The extra potential introduced by external 
force F is shown in green curve. Their summation is the energy barrier under F, which 
is shown in blue curve. The energy barrier is lowered by Fxβ under F.  
 
In our AFM experiments and SMD simulations, constant velocity pulling was utilized. 
Thus the force applied to the protein molecules changed over time. In these processes, 
the change rate of the force, loading rate 𝑟𝐹, can be approximately considered to be 
constant (88, 89). Thus, the force  
         𝐹(𝑡) =  𝑟𝐹 ∙ 𝑡          2.32 
Solving this equation together with  





𝑘𝐵𝑇[Bound]              2.33 
the probability of observing unfolding force f 
       P(f) = 𝑒𝑥𝑝 (−𝐾𝑈𝑥𝛽(𝑒
𝐹𝑥𝛽
𝑘𝐵𝑇 − 1)/𝑘𝐵𝑇𝑟𝐹        2.34 
and the average unfolding/unbinding force 









       2.35 
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According to this result, the unfolding/unbinding force observed changes linearly with 
the logarithm of loading rate which mainly depends on the spring constant of the 
cantilever and the pulling velocity. Therefore, for comparing the unfolding/unbinding 
forces between Type I and Type II cadherins as well as forces in different force cycles, 
the loading rate need to be constant. In our experiments, the same spring constant and 
pulling speed were utilized for maintaining the similar loading rate, i.e. ~10 pN/nm, 





Chapter 3 Dynamic measurements on homophilic interaction 
between cadherin EC domains 
In this chapter, the forced dissociation of cadherins homophilic interaction pairs will 
be discussed. The mechanical property of Type I and Type II cadherins dimer 
achieved by different approaches, SMD simulation and AFM, will be presented. The 
SMD simulation results suggest that the xβ, projection of energy barrier on the force 
direction, of Type I cadherins are smaller than that of Type II cadherins. This 
phenomenon may contribute to the contrast between lower binding energy of 
strand-swap dimer and stronger separation force for Type I cadherins comparing with 
Type II cadherins. In addition, the AFM results indicate that besides exhibiting 
stronger unbinding force, homophilic interactions of Type I cadherins showed much 
more efficient force induced self-strengthening effect than that of cadherin 7.  
3.1 Strand-swap dimer unbinding of Type I and Type II cadherins in SMD 
simulations 
Crystallographic studies suggested that classical cadherins form strand-swap dimer by 
exchanging their N-terminal β-strands (27, 33), as aforementioned in Figure 1.4. In 
this section, mechanical property of this structure investigated by SMD simulations 
will be introduced. In the simulations, the homophilic strand-swap dimers of 
E-cadherins (ECAD-D, Type I), cadherin 8 (CAD8-D, Type II) and cadherin 11 
(CAD11-D, Type II) were pulled by applying force to their two C-terminals to 
investigate their unbinding behaviours. 
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In the initialization step of the SMD simulations, there is randomization in the 
coordinate and momentum assignment for atoms. Thus, the SMD simulations have 
been repeated a couple times for each dimer structure to confirm the results. For 
comparing their mechanical properties, all three structures were stretched with the 
same loading rate, i.e. 0.1 Å/ps pulling speed and 69.5 pN/ Å spring constant. The 
force-extension curves are shown in Figure 3.1, where the extension is the distance 
between the two C-terminals in the strand-swap dimer. Obviously, in all trajectories, 
force firstly increase with the extension due to the resistance of the dimers to 
stretching, and then decrease after the rupture of the strand-swap dimers. For both 
Type II cadherins, CAD8-D (blue curves) and CAD11-D (green curves), the 
trajectories of two times SMD simulation almost duplicate each other, and the 
trajectories of the two cadherins roughly overlap except in the first two nanometers of 
extension. In these trajectories, the peak forces reach about 800 pN with an extension 
of around 7 nm. For Type I cadherins ECAD-D (red curves), unlike the two type II 
cadherins, distinctions among the three trials are observed. Comparing with Type II 
cadherins, CAD8-D and CAD11-D, its average peak force is lower than 800 pN and 
the force-peaks locate at a much shorter extension around only 4 nm. The remarkable 
difference in extension of force peak indicates the strand-swap dimer of Type I 
cadherins is more compliant, i.e. its xβ, projection of energy barrier on the force 




Figure 3.1 Force-extension curves of strand-swap dimers dissociation in SMD 
simulations. Three trials for ECAD-D, two trials each for CAD8-D and CAD11-D are 
shown in red, blue and green curves respectively. ECAD-D show a similar peak force 
while the extension of force peak is much shorter.   
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3.2 Dimer unbinding of Type I and Type II cadherins in AFM experiments 
3.2.1 Control experiments 
In the AFM unbinding experiments, the EC domains molecules of cadherins were 
immobilised on both AFM tip and slide, as aforementioned in Figure 2.8A. To 
confirm that the observed unbinding events are the rupture of single homophilic 
interaction pair rather than non-specific binding or multiple binding, a series of 
control experiments have been performed. 
To exclude the non-specific binding, following control experiments have been 
implemented. The binding probabilities in them, i.e. the percentage of curves with 
unbinding events, are listed in Table 3.1, together with the ones in AFM unbinding 
experiments. 
i) Lower cadherins density: During the first step in the preparation of the slide, 
instead of 0.1 mg/ml Biotin labeled BSA, a mixture solution of 0.05 mg/ml 
Biotin labeled BSA and 0.05 mg/ml BSA was utilized to achieve a lower 
density of cadherins on the slide. This change should result in a lower density 
of EC domains molecules on the slide and a lower binding probabilitys should 
be expected. 
ii) Eliminating cadherins: The cantilever and the slide were functionalized with 
NTA/Ni
2+
 with the same method as in unbinding experiments. Afterward, they 
were directly blocked with 1 mg/ml BSA for 1 hour without cadherins 
incubation. Because no EC domains molecule was immobilised on the tip and 
the slide, the binding probability should be much lower.  
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iii) Eliminating cadherins from the cantilever: The slide was coated cadherins 
with the method in the unbinding experiments. While the cantilever was 
directly incubated with 1mg/ml BSA for 1 hour. Because no EC domain 
molecule was coated on the tip, no homophilic interaction pair should form. 
Hence, the binding probability should also be much lower. 
iv) Eliminating Ca2+: 5mM EDTA was added to the stock solution of cadherins 
(containing 3 mM Ca
2+
) overnight to chelate the Ca
2+
. Then the protein was 
immobilised on the tip and the slide with the method in the unbinding 
experiments. All the buffers used in this experiment do not contain Ca
2+
. 
Because the stock solution of cadherins was diluted more than 20 times before 
using and was washed away after 15 min incubation, the EDTA should not 
affect the binding between the His6-tag on the protein and the NTA/Ni
2+
 on the 
cantilever/slide. This conclusion is supported by the results shown in Table 4.1 
that EDTA with the same concentration do not significantly lower the pick up 
rate in AFM unfolding experiments. Because cadherins require the presence of 
Ca
2+ 
for stable adhesion, the expected binding probability should be lower in 
this control experiment.  
Binding probabilities in these control experiments are summarized in Table 3.1 
together with the ones in AFM unbinding experiments. As expected, binding 
probabilities in control experiments eliminating cadherins, eliminating cadherins from 
cantilever and eliminating Ca
2+
 are much lower than the ones in unbinding 
experiments. Also, lowering the protein density resulted in significantly lower binding 
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probabilities. These results suggest that most unbinding events we observed are the 
rupture of cadherins single interaction pairs. 
 E-cadherin Cadherin7 
Unbinding Control experiments 
Lower cadherins density 6%(151/2599) 7% (258/3552) 
Eliminating cadherins 1%(3/412) 
Eliminating cadherins from cantilever 1%(2/365) 3%(14/429) 
Eliminating Ca
2+
 3%(74/2627) 1%(11/1077) 
Unbinding experiments 
2 s contact time  9%(551/5962) 12%(461/3941) 
Table 3.1 Binding probabilities in different conditions of AFM unbinding experiments. 
Numbers in parentheses indicate the number of curves with unfolding events divided 
by the total number of curves achieved in the corresponding experiment. 
 
To ensure the observed unbinding events are the rupture of single pairs rather than 
multiple binding, the density of EC domains molecules on the slide was evaluated by 
fluorescently labelled EC molecules (41). The fluorescently labelled EC domains 
molecules were mixed with normal EC domains molecules at a 1：100 molar ratio and 
then were immobilised on the slide with the same method in the AFM unbinding 
experiments. The density of the EC domains molecules was evaluated by counting the 
bright spots on the slide under laser shining with TIRF microscopy, as shown in 
Figure 3.2A. Most bright spots (>90%) showed single step bleach, as shown in Figure 
3.2B, thus they should be single fluorescently labelled EC domains molecule. The 
average distance between neighboring EC domains molecules is estimated as ~90nm, 
which is much larger than the radius of the AFM tips (~10 nm). Thus, most unbinding 













Figure 3.2 Evaluating protein density on the slide. A) The initial image of the protein 
immobilised slide under laser shining. The bright spots are counted to evaluate the 
protein density. B) The fluorescence intensity change of one bright spot over time. 
This spot showed single step bleach, which suggests it is a single fluorescently 
labelled EC domains molecule. 
 
In addition, the number of bond ruptured follows Poisson distribution, i.e. the binding 
probability 𝑃(𝑛 > 0) = 1 − 𝑒−<𝑛> where n is the number of bonds formed and <n> 
is the average number of bonds formed. The percentage of single bond rupture events 






 (89). In the present study, the 
binding probability <n> was controlled around 10%, which corresponds to a ~94% 
probability of single bond rupture. 
3.2.2 Type I and Type II cadherins show distinct unbinding behavior in AFM 
experiments 
Three types of force cycles were utilized in the AFM unbinding experiments as 
aforementioned: 2 s or 10 s contact at 10 pN pushing force before pulling, as well as 
the pull-release-pull cycle. The unbinding forces measured in AFM experiments can 
be utilized to evaluate the strength of the cadherins homophilic interaction pairs. The 
unbinding force histograms of E-cadherin and cadherin 7 homophilic interaction pairs 
are shown in Figure 3.3A-F. The corresponding average unbinding forces are 
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summarized in Figure 3.3G. In all three types of force cycles, E-cadherin shows 
stronger average unbinding forces than cadherin 7. This result is consistent with in 
vivo measurements where Type I cadherins are more adhesive (10, 11). To quantify 
the trend of the variation in different force cycles, each histogram was fitted by two 
Gaussian distributions with 20 pN standard deviation centered at different forces. This 
fitting is only for introducing a factor to describe the percentage of high force 
unbinding rather than unveiling any potential mechanism. Thus, only the heights of 
the two Gaussian distributions are adjustable during the fitting. The area percentages 
of the Gaussian distribution with higher force i.e. the grey areas in Figure 3.3A-F, are 
counted as the corresponding percentages of high force unbinding. Gaussian peaks at 
40 pN, 90 pN and at 20 pN, 90 pN were used for E-cadherin and cadherin 7, 
respectively. The areas of the 90 pN peak in different conditions, i.e. the probabilities 
of high force unbinding are summarized in Figure 3.3H. As shown in Figure 3.3H, the 
areas for 10 s contact are larger than the results obtained by 2 s contact. This 
phenomenon indicates that the homophilic interactions of both E-cadherin and 
cadherin 7 were strengthened over time. The strengthening effect is more significant 
for cadherin 7 than E-cadherin. On the other hand, the difference between E-cadherin 
and cadherin 7 is more distinct in the pull-release-pull force cycle. For E-cadherin, the 
homophilic interaction was significantly strengthened by the pre-pull force of 25 pN, 




















































































































































Figure 3.3 Unbinding forces of cadherin homophilic interaction pairs. A) Unbinding 
force histogram of E-cadherin pairs after 2-second contact. The total number of events 
is 551. B) Unbinding force histogram of cadherin 7 pairs after 2-second contact. The 
total number of events is 461. C) Unbinding force histogram of E-cadherin pairs after 
10-second contact. The total number of events is 108. D) Unbinding force histogram 
of cadherin 7 pairs after a 10-second contact. The total number of events is 137. E) 
Unbinding force histogram of E-cadherin pairs in pull-release-pull force cycle. The 
total number of events is 168. F) Unbinding force histogram of cadherin7 pairs in 
pull-release-pull force cycle. The total number of events is 80. Histograms A), C), E) 
were fitted to two Gaussian distributions with peaks force 40 ± 20 pN (green line) and 
90 ± 20 pN (blue line), respectively. Histograms B), D), F) were fitted to two 
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Gaussian distributions with peaks force 20 ± 20 pN (green line) and 90 ± 20 pN (blue 
line), respectively. G) Average unbinding forces and standard deviation in different 
force cycles. E-cadherin shows obviously stronger unbinding force than cadherin 7. A 
pulling force of 25 pN results in an increase in unbinding force on E-cadherin. 
However, cadherin 7 unbinding force remains the same after pulling. Long-term 
contact results in a stronger adhesion for both E-cadherin and cadherin 7. H) Area 
percentage of the area under Gaussian distributions centred at 90 pN (grey area in 
A-F). A longer contact time results in a higher population of strong binding for both 
E-cadherin and cadherin 7. However, only E-cadherin pairs show a higher population 
of strong binding after pulled by 25 pN force, whereas cadherin 7 pairs remain the 
same. 
 
In 10 s and pull-release-pull force cycle the contact time is longer than the one in 2s 
force cycle. This difference may result in more multiple binding events in 10 s and 
pull-release-pull force cycle. To exclude the contribution of multiple binding, the 
histograms of unbinding forces of curves with single force peak were plotted, as 





Figure 3.4 Unbinding forces of curves with single force peak. Only unbinding 
force-extension curves with single force peak were taken for plotting. A) Unbinding 
force histogram of E-cadherin pairs after 2-second contact. The total number of events 
is 379. B) Unbinding force histogram of cadherin 7 pairs after 2-second contact. The 
total number of events is 366. C) Unbinding force histogram of E-cadherin pairs after 
10-second contact. The total number of events is 59. D) Unbinding force histogram of 
cadherin 7 pairs after 10-second contact. The total number of events is 90. E) 
Unbinding force histogram of E-cadherin pairs in pull-release-pull force cycle. The 
total number of events is 136. F) Unbinding force histogram of cadherin7 pairs in 
pull-release-pull force cycle. The total number of events is 57. With the same method 
in Figure 3.3, histograms A), C), E) were fitted to two Gaussian distributions with 
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peaks force 40 ± 20 pN (green line) and 90 ± 20 pN (blue line), respectively. 
Histograms B), D), F) were fitted to two Gaussian distributions with peaks force 20 ± 
20 pN (green line) and 90 ± 20 pN (blue line), respectively. G) Average unbinding 
forces and standard deviation in different force cycles. The histograms show the 
similar trend as in Figure 3.3. H) Area percentage of the areas under Gaussian 
distributions centred at 90 pN (grey area in A-F). In agreement with the results in 
Figure 3.3, a longer contact time results in a higher population of strong binding for 
both E-cadherin and cadherin 7. Only E-cadherin pairs show a higher population of 




3.3 Mechanical properties of Type I and Type II cadherins homophilic 
interaction pairs 
3.3.1 SMD simulation results partly account for different adhesivity between Type I 
and Type II cadherins 
The strand-swap dimer model was proposed based on extensive NMR, cryo-EM and 
XRD studies in vitro (9, 26, 36). The homophilic strand-swap dimer structure has been 
observed in both Type I and Type II cadherins. In Type I cadherins, the strand-swap 
dimer involves a tryptophan at position 2 (9, 27), while in Type II cadherins, it 
involves tryptophans at positions 2 and 4 (14, 34). The different strand-swap 
mechanisms of Type I and Type II cadherins lead to the binding specificity that Type I 
and Type II cadherins seldom form heterogeneous dimer between each other (9, 14, 
37). 
The adhesivity difference between Type I and Type II cadherins strand-swap dimer is 
interesting. As aforementioned in section 1.2.2, crystallographic studies and analytic 
ultracentrifuge studies indicate that Type I cadherins strand-swap dimer has a lower 
binding energy (14, 34, 35). On the contrast, Type I cadherins mediated adhesion 
junction between cells show stronger separation force than the one for Type II 
cadherins (10, 11). It seems that the lower binding energy and the higher separation 
force for Type I cadherins contradict with each other.  
The SMD unbinding simulations in the present study may account for this 
“contradiction”. as shown in Figure 3.1, Type I cadherin ECAD dimers show similar 
unbinding force and obviously shorter projection of energy barrier on the force 
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direction, xβ, than that of Type II cadherins. According to equation 2.29, unbinding 
rate under external force 𝐹 is 𝐾𝑈(𝐹) = 𝐾𝑈𝑒
𝐹𝑥𝛽
𝑘𝐵𝑇. Even though the strand-swap dimer 
of Type I cadherins has lower binding energy, i.e. higher 𝐾𝑈, its unbinding rate under 
certain force 𝐹 , i.e. 𝐾𝑈(𝐹) may still be lower due to the smaller xβ. According to 
equation 2.35, the unbinding force linearly depends on the logarithm of loading rate, 
𝑙𝑛 𝑟𝐹, and the slope is proportional to xβ. Thus, a shorter xβ means the unbinding 
force decreases slower with the loading rate. In the SMD simulations, the loading rate 
is several orders higher than the ones in cell based study (10, 11) and our AFM 
unbinding experiments. Therefore, even though the strand-swap dimer of Type I 
cadherins show similar unbinding force in the simulations, it is expected to unbind at 
a higher force than that of Type II cadherins in the experiments where the loading rate 
is much lower.  
3.3.2 Mechanical properties of cadherins homophilic interaction pairs in AFM 
experiments 
Stronger unbinding force for Type I cadherins than Type II cadherins in AFM 
unbinding experiments 
To evaluate the strength of cadherins homophilic interactions, the rupture forces of 
homophilic interaction pairs of Type I cadherin E-cadherin and Type II cadherin 
cadherin 7 were measured by AFM in the present study. Single molecule of complete 
extracellular regions of E-cadherin or cadherin 7 was used to analyse the individual 
homophilic interaction pairs so as to avoid the complexity lateral clustering 
contribution. In the AFM unbinding experiments, as shown in Figure 3.3 and Figure 
3.4, E-cadherin EC domains show stronger unbinding force, which is in agreement 
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with cell adhesion measurements in vivo (10, 11) and the prediction of our SMD 
unbinding simulations. This phenomenon indicates that the stronger unbinding force 
is an intrinsic property of E-cadherin and should be determined by the structure and 
organisation of the EC domains.  
 
Strengthening of cadherins homophilic interaction pairs over time 
Several strengthening mechanisms have been observed in cadherin mediated adhesion, 
such as force (18, 19, 43) and lateral clusters (37, 42). At the cell level, dual-pipette 
assay experiments show that the unbinding force between cadherin expressing cells 
increases in the first 30 s after contact, even in the absence of the cytoplasmic 
domains (22). Particularly, in AFM experiments at the single molecule level, 
homophilic interaction pairs of E-cadherin showed a longer lifetime when the two 
molecules were allowed to be in contact for 3 s instead of 0.3 s (33). In the present 
study, the homophilic interactions of both E-cadherin and cadherin 7 behaved 
similarly to those observed previously (22, 33). Although we only examined the 2 
seconds and 10 seconds contact before measuring the unbinding forces, as shown in 
Figure 3.3 and Figure 3.4, a trend in the increment of the unbinding force can be seen. 
This trend at the single molecule level implies that EC domains of cadherins can 
self-strengthen their homophilic interactions. Although, other strengthening 
mechanisms such as lateral clustering and cytoskeleton remodelling probably coexist 




Force is essential in the strengthening process 
In the pull-release-pull force cycle, the 25 pN pre-pulling force can strengthen 
homophilic interaction pairs of E-cadherin EC domains, i.e. results in a higher 
percentage of strong unbinding force events, as shown in Figure 3.3 and Figure 3.4. 
This strengthening mechanism probably contributes to the gap between SMD 
unbinding simulations and AFM unbinding experiments.  
The different trend in strand-swap dimer unbinding simulations and AFM unbinding 
experiments has been observed. Type I cadherins show similar unbinding force in 
simulations but stronger unbinding force in AFM experiments. This phenomenon 
could be caused by its shorter xβ , as discussed in section 3.3.1. However, the 
dynamic force may also contribute to this difference. In the crystallographic and the 
cryo-EM studies where strand-swap dimers were observed, the proteins were either 
floated in solution or immobilised on soft liposomes. Thus, the external forces on the 
EC domains were absent or quite limited. On the contrary, in the AFM experiments, 
the EC domains were immobilised on extremely stiff surfaces, i.e., AFM tip and SiO2 
slide. The thermal fluctuation of the AFM cantilever could provide a dynamic force 
on the cadherins EC domains as actomyosin cytoskeleton in vivo. Considering the 
observed phenomenon that 25 pN pre-pulling force was able to strengthen the 
homophilic interactions of E-cadherin EC domains, lacking dynamic force could also 
be the cause of the different trend between simulations and AFM experiments. The 
strengthening effect of force and time observed in the AFM experiments may be 
caused by partial unfolding or deformation of the cadherin EC domains. The 
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hypothetic model for the underlying mechanism will be introduced in section 4.4.3. 
 
Distinct mechanical property between Type I and Type II cadherins may increase 
their diversity in adhesion strength via interplaying with cytoskeleton 
Force can act as a signal to trigger a series of processes in cytoskeleton which can 
enhance the cadherin adhesion. In vivo experiments at the cell (45) and the single 
molecule (47) levels have shown that the cytoskeleton exerts tension force on 
cadherins molecule. Recent studies indicate that the EC domains may also act as force 
sensors in vivo (18, 19, 43). At the cell level, the external force applied to the EC 
domains may be transmitted into the cortical actin cytoskeleton and trigger a series of 
conformational changes that could, in turn, cause bond formation or junction 
remodelling (18). Similarly, one report shows that the junction between E-cadherin 
expressed cell and stiff gel is stronger than the one established with a soft gel (43). 
On the other hand, it is predicted that the time scale of cadherin turnover by 
endocytosis and exocytosis is 1-2 minutes (90). While the mature process of cadherin 
mediated adhesion junction is ~30 min and ~100 min for E-cadherin and cadherin 7, 
respectively (10). Thus, unbinding between cadherins EC domains probably happened 
frequently at the adhesion junction in vivo. Due to its lower unbinding force observed 
in AFM experiments, Type II cadherins such as cadherin 7 may unbind before it can 
transmit a strong enough force signal into cytoskeleton to trigger the processes which 
can enhance the adhesion in return. Following this way, the diversity between the 
strength of their adhesion junction may increase.   
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Chapter 4 Partial unfolding of cadherin EC domains 
In this chapter, forced unfolding of cadherins EC domains will be presented. In the 
AFM experiments, the partial unfolding forces of both Type I and Type II cadherins 
EC domains show overlap with their unbinding forces. This phenomenon implies that 
partial unfolding or deformation of the cadherins EC domains may happen in vivo 
before the rupture of their homophilic interaction pairs. This conformational change 
could provide new binding sites or interfaces to strengthen protein-protein interactions. 
In addition, the SMD simulations show different unfolding pathways between Type I 
and Type II cadherins EC domains. This difference may lead to distinct new exposed 
interfaces and contribute to the differentiation of adhesivity between Type I and Type 
II cadherins. 
4.1 Forced unfolding of cadherins EC domains in AFM experiments 
4.1.1 AFM unfolding control experiments 
The main purpose of the AFM unfolding experiments in the present study is to search 
for clues of the existence of the cadherins EC domains unfolding in vivo. Thus, only 
the first unfolding peaks, i.e. the force at which EC domains started to unfold, in each 
curve were taken for analysis. To confirm that the unfolding events we observed are 
from the single EC domains molecule, two control experiments were performed: 
i) Eliminating cadherins: NTA/Ni
2+
 coated slide and Si tip were utilized in the 
experiments. The only difference with the unfolding experiments is that no 
protein molecule was immobilised on the slide. Therefore, the expected pick 
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up rate, i.e. the percentage of curves with unfolding peaks among all curves, in 
this condition should be much lower than the unfolding experiments. As 
shown in Table 4.1, the pick up rate is only 0.1% in this condition, which is 
negligible comparing with the one in unfolding experiments. Therefore, the 
unfolding events observed in the experiments should be from the cadherins EC 
domains molecules. 
ii) Elimination Ca2+ ions: To further confirm the unfolding events observed in the 
experiments are from the cadherins EC domains molecules, 5mM EDTA was 
added to the stock solution of cadherins (containing 3 mM Ca
2+
 ions) 
overnight to chelate the Ca
2+
 ions. Then the protein was immobilised on the 
NTA/Ni
2+
 coated slide with the same method as in AFM unfolding 
experiments. All the buffer used in this experiment do not contain Ca
2+
 ions. In 
this control experiment, EC domains without Ca
2+
 ions binding were stretched 
between the cantilever and the slide. Because Ca
2+
 ions can stabilize the 
structure of cadherins EC domains (9, 14, 27-29, 91-94), the absence of Ca
2+
 
ions should result in a lower unfolding force. As shown in Table 4.1 and 
Figure 4.1, both forces at which E-cadherin and cadherin 7 start to unfold 
decreased when Ca
2+
 ions were chelated. The unfolding forces of E-cadherin 
EC domains with and without Ca
2+
 are 129 ± 59 pN and 87 ± 47 pN, 
respectively while the unfolding forces of cadherin 7 EC domains with and 
without Ca
2+
 are 109 ± 50 pN and 98 ± 50 pN, respectively. These results 
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indicate the unfolding force is Ca
2+ 
dependency thus the unfolding events 
observed probably should be from the cadherins EC domains molecules. 
 
 E-cadherin Cadherin7 
Unfolding Control Experiments 
Eliminating cadherins 0.1% (1/1000) 
Eliminating Ca
2+
 5% (173/3796) 8% (162/2149) 
Unfolding experiments 
With cadherins and Ca
2+
 6% (117/2100) 11% (226/2002) 
Table 4.1 Pick up rate in the AFM unfolding control and unfolding experiments. 
Numbers in parentheses indicate the number of curves with unfolding events divided 
by the total number of curves achieved in the corresponding experiment. The much 
lower pick up rate in the Eliminating cadherins channel indicates that the unfolding 
events observed should be from cadherins EC domains. Also, the pick up rates in 
Eliminating Ca
2+
 channel are not significantly lower than the one in Unfolding 
experiments. Thus the low concentration of EDTA utilized do not significantly affect 




























Figure 4.1 Unfolding force of EC domains by AFM. Red and blue histograms show 
the results measured in 3 mM Ca
2+
 and no Ca
2+
 buffer, respectively. A) Force at which 
E-cadherin starts to unfold. B) Force at which cadherin 7 starts to unfold. The lower 
unfolding forces in the absence of Ca
2+
 suggest the unfolding events observed should 




4.1.2 Forced cadherin EC domains unfolding in AFM experiments 
The histograms of the force at which cadherins EC domains molecules start to unfold 
are shown in Figure 4.2A and C for E-cadherin and cadherin 7, respectively. The 
average unfolding force of E-cadherin was slightly higher than that of cadherin 7. 
Besides, the unfolding forces of the E-cadherin EC domains were similar to that of 
C-cadherin, another Type I cadherin, measured by AFM in a previous study (95). The 
contour length changes (L) of E-cadherin and cadherin 7 are shown in Figure 4.2B 
and D, respectively. Because each of the five cadherin EC domains contains around 
110 amino acids, the contour length of each unfolded EC domain should be 
approximately 42 nm. In the native state, the physical size of each EC domain is about 
3-5 nm (28, 95). Thus, the L for the one-step unfolding of each EC domain is 
expected to be the difference in these two measurements; i.e., about ~ 38 nm. In the 
AFM unfolding experiments, as shown in Figure 4.2B and D, the L of most of the 
unfolding events were smaller than ~38 nm. The small L indicates that there are 
stable intermediate states along the unfolding pathways and, in most cases, partial 
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Figure 4.2 Forced unfolding of cadherins EC domains by AFM. A) Force at which 
E-cadherin starts to unfold. Unfolding force is 129 ± 59 pN. B) Contour length change 
(ΔL) of the first unfolding event in E-cadherin. C) Force at which cadherin 7 starts to 
unfold. Unfolding force is 109 ± 50 pN. D) ΔL of the first unfolding event in cadherin 
7. Total number of events for E-cadherin and cadherin 7 are 117 and 226, respectively. 
 
4.1.3 Comparison of unfolding and unbinding force in AFM experiments 
The comparison between unfolding and unbinding force of cadherins EC domains is 
shown in Figure 4.3A and B. The results suggest that unfolding of EC domains may 
happen prior to the rupture of homophilic interaction pairs. As shown in Figure 4.3A 
and B, for both cadherin types, the histograms of the unfolding and unbinding forces 
exhibited a partial overlap. The probability that the partial unfolding of the EC 
domains happens before the rupture of the homophilic interaction pairs, 𝑃, was 
estimated by the equation: 
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          4. 1 
where B1, B2, B3…Bn is the height of each beam in the unbinding force histogram and 
F1, F2, F3…Fm is the height of each beam in the unfolding force histogram. The 
probability that the partial unfolding of the EC domains happens before the rupture of 
the homophilic interaction pair was estimated to be 12% and 8% for E-cadherin and 
cadherin 7, respectively. 
In addition, pulling trajectories with multiple peaks in unbinding experiments also 
imply that the partial unfolding of the EC domains may happen before the rupture of 
the homophilic interaction pairs. As shown in Table 4.2, the percentages of pulling 
trajectories with multiple peaks are significant for both cadherins in all cases, and are 
all significantly higher than the multiple binding probabilities predicted by Poisson 
statistics (~10%) (89). Thus, some of the pulling trajectories with multiple peaks 
(Figure 4.3C) may correspond to partial unfolding of EC domains happened prior to 
the unbinding. In addition, in some of the unbinding trajectories (Figure 4.3C), the 
curve before rupture deviated from that predicted by the worm-like-chain (WLC) 










































Figure 4.3 Indication of unfolding happens prior to unbinding. A) Histograms of the 
unbinding forces after 2 seconds contact (blue) and the forces of the first unfolding 
events (red) for E-cadherins. The total number of events for the unbinding and 
unfolding histograms are 551 and 117, respectively. B) Histograms of the unbinding 
forces after 2 seconds contact (blue) and the forces of the first unfolding events (red) 
for cadherin 7. The total number of events of unbinding and unfolding histograms are 
461 and 226, respectively. C) Force-extension curves obtained from unbinding 
measurements. Examples of single peak unbinding, multiple peak unbinding and 
deformation involved unbinding are shown. Most peaks could be well fitted by the 
WLC model (red curves). Whereas in the deformation involved unbinding, the 
force-extension curves show obvious deflection from the WLC fitting. 
 
 2 sec contact  10 sec contact  Pull-release 
E-cadherin 15% 36% 19% 
Cadherin7 13% 33% 39% 
Table 4.2 Multiple peaks ratio in AFM unbinding experiments. The numbers show the 
percentage of curves with multiple peaks among all curves with force peak in the 
AFM unbinding experiments. Parts of the multiple peaks unbinding events may 




4.2 Forced cadherin EC domains unfolding in magnetic tweezers experiments 
To explore the mechanical property of E-cadherin with a force close to that observed 
in vivo (47), magnetic tweezers/evanescent nanometry was used to pull the EC 
domains molecule at a force of 5 ± 3 pN (SD). Specific biochemical linkage groups 
were used at both terminals of the protein molecule to fix it between the magnetic 
bead and the slide. In this way, only the functionalised proteins, i.e., E-cadherin EC 
domains molecules, were stretched by magnetic tweezers (80). In addition, according 
to the equipartition theory, the fluctuation of the beads position would be much 
smaller if they were linked to the slide via multiple molecules instead of a single one. 
Therefore, it could be distinguished whether it was a single molecule by the thermal 
fluctuation. In the magnetic tweezers experiments, both unfolding and refolding 
events were observed, as shown in Figure 2.16. The contour length changes, ΔL, were 
calculated from the extension change and force using the Worm-Like-Chain (WLC) 
equation, with a persistence length of 0.8 nm (78). The L in unfolding and refolding 
display broad distributions as shown in Figure 4.4A and B. Similar with the result of 
the AFM unfolding experiments, most unfolding events in magnetic tweezers 
measurements show L less than 38 nm, confirming that the partial unfolding events 
were observed. The dwell time, t, between a pair of consequent events is relevant to 
the rates of events (96). The histograms of the dwell time for folding/unfolding events 
(Figure 4.4C and D) were fitted by single-exponential decay with unfolding and 
refolding rates of ~0.027 s
-1










































Figure 4.4 Forced unfolding of E-cadherin EC domains by magnetic tweezers. A) 
Histogram of change in contour length, ΔL, for unfolding events in magnetic tweezers 
(blue). The total number of events is 303. The histogram of ΔL measured by AFM is 
shown in red as a reference, with 263 total number of events. B) The histogram of ΔL 
for refolding events. The total number of events is 108. C) Histogram of unfolding 
dwell time. D) Histogram of refolding dwell time. C) and D) were fitted by 




4.3 Forced cadherin EC domains unfolding in SMD simulations 
4.3.1 Force-extension unfolding trajectories in SMD simulations 
SMD simulations of Type I and Type II cadherins unfolding have been performed on 
EC12 domains of several structure-available cadherins: three Type I, E-cadherin 
(ECAD), N-cadherin (NCAD) and C-cadherin (CCAD); two Type II, cadherin 8 
(CAD8) and cadherin 11 (CAD11). Their unfolding force-extension trajectories from 
constant-velocity pulling simulations are shown in Figure 4.5. 
According to these trajectories, Type I and Type II cadherins share some common 
features:  
i) For both types of cadherins, the forces where EC domains start to unfold, i.e. 
the first force peak, are all around 2000 pN. In addition, the shape of these first 
peaks are similar. The slight variation in the peak position is likely due to 
different initial alignments of the molecules along the stretching direction.  
ii) Each trajectory shows a stepwise unfolding which including five to six force 
peaks.  
iii) The first two peaks are similar among all the trajectories.  
In addition, trajectories from the same type cadherins share more similar features, e.g. 
traces in Figure 4.5D (CAD11, except the red one) and Figure 4.5E (CAD8, except 
the black one) look like each other very much. Besides, there are force peaks from 
different trials similar to each other but appear at different locations, for example, the 
red curve in Figure 4.5D show a double peak (labeled by arrows) similar to the other 
two curves but at a different extension. 
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Besides the similarities, significant difference in unfolding peak force can be seen 
between Type I and Type II cadherins. Both Type II cadherins, CAD11 (Figure 4.5D) 
and CAD8 (Figure 4.5E), show a much stronger unfolding peak force (~3000 pN) 
than Type I cadherins (<2500 pN) peaked at an extension around 40 nm. 
 
Figure 4.5 Unfolding trajectories of EC12 domains. The EC12 domains molecules of 
Type I and Type II cadherins were stretched at a constant velocity. A) E-cadherin with 
four Ca
2+
 ions. Different unfolding patterns after the first unfolding peak were 
observed. B) The unfolding pattern of N-cadherin, with three Ca
2+
 ions, similar to 
E-cadherin varied among the trajectories. C) C-cadherin, with six Ca
2+
 ions showed 
three similar trajectories; D) Cadherin 11, with three Ca
2+
 ions, showed four similar 
trajectories, with the exception of the one in red; E) Cadherin 8, with six Ca
2+
 ions, 
showed three similar trajectories, with the exception of the one in black. Colors of 
curves are used to distinguish different trials of SMD simulation on the same protein. 
In A) and E), numbers 1–4 label the time spots for snapshots in Figure 4.6.  
 
Note that even though the force at which EC domains started to unfold shown here is 
stronger than the unbinding force of strand-swap dimer shown in section 3.1, it does 
not indicate that the unfolding cannot happen prior to unbinding in experiments. 
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Because the extension of the first force peak in unfolding simulations is obviously 
shorter than that in unbinding simulations. In the unfolding simulations, the first force 
peak appears at 2.5 nm and 5 nm for Type I and Type II cadherins, respectively, while 
in unbinding simulations, these values are 4 nm and 7 nm, respectively. Therefore, the 
projection of energy barrier on the force direction, xβ , probably is shorter for 
unfolding. In experiments, when the loading rate several orders lower than the one in 
simulations, the unbinding force could be higher than unfolding force according to the 
discussion in section 3.1.  
4.3.2 Comparison between unfolding pathways of Type I and Type II cadherins 
To further investigate the unfolding of cadherin EC domains in SMD simulation, their 
conformational changes along unfolding pathways were analyzed. Dramatic 
differences between Type I and Type II cadherins were discovered: unfolding of the 
Type I cadherins, ECAD, NCAD and CCAD, structures always start from the two 
β-strands near the N-terminal of EC1 domain detaching from other β-strands, while 
that of Type I cadherins, CAD8 and CAD11, more likely starts from the two β-strands 
in EC2 domain with one exception out of three and four trials, respectively. Figure 4.6 
shows this difference using ECAD and CAD8 as a representative for each type of 
cadherins by the snapshots from early stages of unfolding. All trajectories of ECAD 
start unfolding with the detachment of the first two β-strands, even though later 
unfolding pathway varies. While the unfolding of CAD8 starts from quite a different 
point, close to the joint region between EC12 domains: two trials from the EC2 
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domain side and one from the EC1 domain side. This result indicates that even though 
Type I and Type II cadherins share the similar unfolding force of the first force peak, 
their conformational change of the first unfolding events probably are different. All 
movies for EC domains unfolding simulations can be downloaded from the 
supplementary information of our previous publication (97).  
 
Figure 4.6 Distinct unfolding pathways of E-cadherin and cadherin 8 EC12 domains. 
Each row represents snapshots from one trial of stretching recorded in the SMD 
simulations, while columns 1–4 represent time spots indicated on the trajectories in 
Figure 4.5. The top three trials are from the simulations of ECAD, and the bottom 
three are from those of CAD8. All views show the EC12 domains of cadherins in new 
cartoon representation using the secondary structure of the unstreched proteins, which 
are the two start structures. The extended part of the EC12 domains, if at two sides, 
was chopped off to highlight the structure remaining folded. Specific residues that 
interacted with the Ca
2+
 ions are shown in licorice presentation: residues from the 
EC1 domain are labeled in purple and those from EC2 domain in lime. 
 
4.3.3 The role of Ca
2+ 
ions in cadherin unfolding pathway 
Besides the sequence and structure, Ca
2+
 ions also play an important role in the 
unfolding pathways of cadherins EC domains. Firstly, unfolding processes of 
ECAD-NOCA are different from that of ECAD, and three out of four trials start from 
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EC2 domain, as the two type II cadherins simulated. Secondly, the unfolding force of 
ECAD-NOCA is significantly lower (~ 1000 pN), as shown in Figure 4.7. Thirdly, 
CCAD includes all six Ca
2+
 ions associated with EC12 domains, and the three trials of 
unfolding have shown almost reproduced pathways; while ECAD and NCAD both 
lack two or all Ca
2+ 
ions near the C-terminal of EC2 domain, both of them show 
varied pathways among trajectories. Fourthly, unfolding force peak always 
accompany with the rupture of Ca
2+
 bridges (Appendix III). Thus, these Ca
2+
 bridges 
probably stabilize the unfolding protein structure and could maintain some 
intermediate states along the unfolding pathway. In addition, these Ca
2+
 bridges may 
contribute to the distinct unfolding start point in Type I and Type II cadherins. In the 
unfolding simulations, the unfolding of Type I cadherins EC12 domains always start 
from different point which is accompanied with different group of Ca
2+ 
bridges. On 
the contrary, Type II cadherins have one more bridge between a Ca
2+
 ion and residue 
GLU12. Such a strengthening in EC1 domains could reduce the chance of the 
detachment of the two β-strands from others in Type II cadherins, thus leads to the 






Figure 4.7 Unfolding force-extension curves of E-cadherin EC12. Black curve and red 
curve show ECAD and ECAD-NOCA unfolding, respectively. In the absence of Ca
2+
 





4.4 Partial unfolding of EC domains may be involved in cadherin physiology 
function 
4.4.1 Partial unfolding of cadherins EC domains 
The results of our unfolding simulations and experiments show that cadherins EC 
domains experience partial unfolding under external force. In the SMD simulations, 
EC domains of both types of cadherins show stepwise unfolding with 9 to 22 nm L 
each step. On the other hand, in the AFM and the magnetic tweezers experiments, 
most unfolding events showed L smaller than 20 nm (Figure 4.4A). The events with 
a L larger than 22 nm may correspond to a combination of a couple of successive 
unfolding steps. The time resolution in simulations is as high as femtosecond, thus, 
the millisecond time resolution of AFM and magnetic tweezers experiments is long 
enough for a couple of unfolding events observed in simulations to take place 
“simultaneously”. Therefore, the results of the SMD simulations and experiments are 
consistent. Also, this may explain the higher probability of a large L in the AFM 
experiments where the unfolding rate is much higher than that in the in magnetic 
tweezers experiments.  
In both simulations and experiments, the contour length changes observed were all 
smaller than that of one-step unfolding of each EC domain (~38nm). This means that 
the forced unfolding of the EC domains molecule in experiments is stepwise and can 
result in stable intermediate states. 
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4.4.2 Partial unfolding of cadherins EC domains may exist in vivo 
The results of the AFM experiments suggest that the partial unfolding or deformation 
of EC domains could possibly happen prior to the rupture of their homophilic 
interactions. Firstly, the unfolding forces show partial overlap with the measured 
unbinding forces (Figure 4.3A and B). According to the overlap areas, the chances 
that a partial unfolding event happens before an unbinding event in AFM experiments 
are estimated to be 12% and 8% for E-cadherin and cadherin 7, respectively. Secondly, 
the ratio of the trajectories with multiple force peaks (Figure 4.3C, Table 4.2) is much 
higher than the expected ratio by Poisson statistics (89). Thus, in some multiple peaks 
trajectories, force peaks before the rupture peak probably correspond to partial 
unfolding of the EC domains rather than multiple binding. Thirdly, the deviation from 
the WLC fitting curve prior to unbinding events were occasionally observed for both 
cadherins types (Figure 4.3C). This phenomenon suggests that the EC domains may 
experience deformation before the rupture of their homophilic interactions. 
In addition, the magnetic tweezers experiment suggests that the partial unfolding of 
the EC domains may take place within the timespan of the maturation process of 
junctions. In the magnetic tweezers experiment, E-cadherin EC domains were able to 
unfold at a force of 5 ± 3pN (SD). This external force is close to the tension forces 
applied by the cytoskeleton on E-cadherin in vivo (47). At such a low force, the 
unfolding and refolding rates were both around 0.03 sec
-1
, which is not slower than 
the turnover rate of E-cadherin measured in vivo (90, 98, 99). On the other hand, the 
maturation process of the cadherins junctions takes even longer time, which is about 
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30 min and 100 min for E-cadherin and cadherin 7, respectively (10). All of these 
results indicate that partial unfolding and/or deformation of the EC domains can take 
place during the initial phase of cell adhesion dynamics. 
4.4.3 Possible role of partial unfolding of cadherins EC domains in vivo 
As aforementioned, partial unfolding of cadherins EC domains may exist in vivo. This 
conformational change could be involved in the strengthening evolvement of adhesion 
junction. Here we propose two possible ways. 
Firstly, the partial unfolding or the deformation of EC domains can generate new 
binding interfaces, some of which can bind with each other at a higher affinity. This is 
similar to the situation of talin rods, which can instigate new binding sites for vinculin 
in association with mechano-signalling (100). In this way, external force could lead to 
the strengthening of the cadherin-mediated adhesion. This possible mechanism may 
also explain how trans-dimers lead to cis-interactions between E-cadherin EC 
domains (41). After the trans-dimer formed, the force applied to it may result in 
unfolding or deformation of EC domains and generate interface which is necessary for 
cis-interaction successively. Thus, this mechanism may contribute to the fact that 
E-cadherin cis-interaction requires trans-dimer (41) together with the entropy change 
(42). Besides, since this mechanism does not involve the cytoplasmic region, it may 
also account for the strengthening effect observed in our AFM unbinding experiments. 
In the pull-release-pull force cycle, the cadherins homophilic interaction pairs were 
directly stretched by the 25 pN pulling force. While in the 10 seconds contact force 
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cycle, because of the thermo fluctuation of the AFM cantilever, the interaction pair 
also experienced dynamic force. In these cases, some deformation of the EC domains 
may happen accordingly and lead to a stronger conformation in turn. 
Secondly, the deformation of EC domains related to partial unfolding may trigger 
complex processes within the cytoskeleton, which can enhance the binding affinity in 
return. Previous studies show that deformation of cadherins EC domains induced by 
some mAbs binding can regulate cadherin interaction. These conformational changes 
can propagate across the membrane and trigger signaling events in cytoskeleton via 
the catenins (20, 21). Thus, it is possible that the deformations caused by external 
force have the similar effect and can also propagate to the cytoskeleton as a 
mechanical signal which can regulate the cadherins adhesion. 
Following these two possible ways, the partial unfolding of EC domains may increase 
the diversity of adhesion strength between Type I and Type II cadherins in vivo. In 
SMD simulations, distinct unfolding pathways between Type I and Type II cadherins 
have been observed (Figure 4.6). Unfolding of Type I cadherins always commenced 
with the first EC domain, whereas, in Type II cadherins, the second EC domain was 
more likely to unfold first. The SMD simulation results suggest that, in the first two 
EC domains of type I cadherin, the weakest point locates at the bridges between Ca(I) 
and the two N-terminal -strands, whereas, in type II cadherins, this point is 
strengthened by an additional bridge between Ca(I) and GLU12(97). All of these 
differences suggest variations in the deformation/unfolding processes between Type I 
and Type II cadherins subjected to external forces. Therefore, it is possible that in the 
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case of E-cadherin, the partial unfolding may provide better binding interfaces or may 
result in the mechanical signalling to the cytoskeleton which can trigger regulation 
processes that favour high affinity binding. In this way, the cell achieves distinct 




Chapter 5 Conclusion 
The primary objective of this study was to investigate the adhesion mechanism of 
classical Type I and Type II cadherins. Forced dissociation of homophilic interaction 
pair for both types of cadherins was investigated by SMD simulations and AFM 
experiments, respectively. Also, the cadherin EC domains monomer was stretched in 
SMD simulations, AFM experiments and magnetic tweezers experiments to study its 
mechanical property. Our main results are summarized as below. 
In the SMD unbinding simulations, several structure-available strand-swap dimers 
formed between EC12 domains were utilized as homophilic interaction pairs. It was 
found that the unbind forces of Type I and Type II cadherins strand-swap dimers are 
similar at the same loading rate. In addition, the results suggest that Type I cadherins 
may have a shorter projection of energy barrier on the force direction. This may 
account for the “contradiction” between lower binding energy (14, 34, 35) and 
stronger unbinding force (10, 11) for Type I cadherins. 
In the AFM unbinding experiments, E-cadherin, a Type I cadherin, shows obviously 
stronger unbinding force than cadherin 7, a Type II cadherin, which is in agreement 
with the in vivo studies (10, 11). This phenomenon indicates that the stronger 
unbinding force is an intrinsic property of Type I cadherins and dependents on the 
structure and organization of EC domains.  
Longer contact time and pull-release-pull force cycles have been performed in AFM 
unbinding experiments to investigate the evolvement over time and the force response 
of the cadherins homophilic interaction pairs. In the 10 s contact time force cycle, 
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both E-cadherin and cadherin 7 show stronger unbinding force than the one in 2 s 
contact time force cycle. This phenomenon is consistent with the increasing trend of 
unbinding force observed in previous AFM (33) and dual pipette assay (10) 
experiments within a similar timespan. Our results indicate a novel strengthening 
mechanism of cadherins adhesion where the EC domains of cadherins can 
self-strengthen their homophilic interaction pairs over time when they are 
immobilised on rigid surfaces. This strengthening effect may be caused by dynamic 
force generated by cantilever thermo fluctuation during the contact time. In addition, 
in the pull-release-pull force cycle, the homophilic interaction between E-cadherin EC 
domains was strengthened by the 25 pN pre-pull force, while this effect was not 
observed on cadherin 7. The enhancing effect may be caused by some deformation of 
cadherin dimer under the 25 pN pulling force. This mechanism may contribute to the 
catch bond observed on E-cadherin X-dimer (33) and the force enhancement of Type I 
adhesion junction observed in vivo (18, 19, 43, 46, 68). While cadherin 7 did not show 
this phenomenon. This may be because 25 pN force is too strong for it or it lack such 
mechanism.  
In the unfolding experiments, AFM experiments show that the histograms of the 
unfolding force of EC domains monomer overlap with the histograms of the 
unbinding force of their dimer. Also, the unbinding force-extension curves in the AFM 
experiments suggest that there may be some partial unfolding events happened prior 
to the unbinding events. Furthermore, the magnetic tweezers experiments 
demonstrated that the partial unfolding of EC domains can take place at a force close 
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to that borne by the protein molecules in vivo. These results indicate that the partial 
unfolding of cadherins EC domains may happen in vivo during the turnover of 
cadherins molecules at the adhesion junction. Finally, SMD simulations results 
indicate the different unfolding pathways between Type I and Type II cadherins. This 
may contribute to their distinct adhesion strength in vivo. 
Based on all these findings, we proposed two possible strengthening mechanisms of 
cadherin-mediated adhesion which involves partial unfolding or deformation of EC 
domains. One is exposing new binding interface and the other is conformational 
signal which can trigger a series of processes in cytoskeleton. Furthermore, These two 
possible mechanisms may also account for the diversity between the adhesion 
strength of Type I and Type II cadherins. The weaker homophilic interactions between 
the EC domains of Type II cadherins may limit the mechanical signal it can transmit. 
Also, the unfolding pathways of Type II cadherins EC domains may not favour a 
strong adhesion as that of Type I cadherins. 
After decades of study, the mechanisms of cadherin mediated cell-cell adhesion are 
still being elucidated. The present study directly compared the mechanical property of 
Type I and Type II cadherins monomers as well as dimers. Also, we propose that force 
could account for the strengthening effect in cadherins adhesion and contribute to the 
distinct adhesion strength between Type I and Type II cadherins. This is the first step 
towards uncovering the role of force in cadherin adhesion process in vivo. However, 
there are still questions remain to be addressed:  
 Although the present study suggests that the partial unfolding may happen prior 
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to the unbinding, the evidence is indirect. A magnetic tweezers experiment may 
provide a solid evidence. If the fluorescent magnetic bead linked to the slide via 
cadherins homophilic interaction pairs, before the bead pulled away by the 
magnetic tweezers, an unfolding step should be observed by the TIRF 
microscopy.  
 In the present study, isolated EC domains were utilized. Previous studies show 
that the distinct adhesion strength between Type I and Type II cadherins is 
probably due to this region (10). Also, this is a widely used method for in vitro 
studies to simplify the experiments (33, 41, 101, 102). However, cadherin 
cytoplasmic domain, together with other adhesion molecules in cytoskeleton can 
remodel the conformation of homophilic interaction pairs and the junction of 
cadherins. Therefore, further dynamic studies using full length cadherins 
expressed on living cells should be conducted to investigate the junction 
remodeling in vivo. 
 The unfolding pathways of cadherins EC-domains were investigated by SMD 
simulation in the present study. Nevertheless, these results need to be confirmed 
by experiments. Nowadays direct observation of unfolding pathways is still 
technically challenging. However, this information is important for understanding 
the deformation of EC domains in vivo and the mechanical signal it transmits into 
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Appendix I AFM data analysis program 
Data analysis of AFM unfolding and unbinding experiments results needs to review 
thousands of force traces, one by one. Thus, an efficient analysis program is required. 
The AFM data analysis program is wrote by me independently in C#. Its main 
function is fitting each force peak with WLC model and recording useful information. 
The GUI is shown in Figure A.1. The green curve represents the unfolding/unbinding 
force-extension curve and the blue curve represents the WLC fitting curve. X-axis 
corresponds to extension (nm) and Y-axis corresponds to force (pN). During the 
fitting, after choosing a force peak by mouse, the program can fit this peak with a 
WLC curve whose persistence length and contour length are adjustable. The fitting is 
implemented by Levenberg–Marquardt algorithm. Then by clicking Save button, the 
program can save the information including rupture extension, contour length, 
persistence length, rupture force, fitting residual and the curve sequence. These data 
will be represented into histograms by a Labview program. Below is the list of main 
buttons and textboxes: 
Load: Load the folder of raw .txt data of AFM. 
Mouse mode: Including “zoom in” mode in which dragging mouse can choose a 
region of curve to zoom in and “fit” mode in which dragging mouse can choose a 
segment of curve to fit. The two modes can be switched between each other by double 
clicking the mouse. 
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Path: The path of folder which containing the raw .txt data of AFM. 
ResultPath: The path of file which record the target information extracting from 
force-extension curves. 
Progress: Show the current curve sequence in the folder. 
Save: Record the target information into the file 
Prior/next: Move to the prior or next curve in the folder 
-/+: Adjust the force baseline of the curve in case the baseline found by the program is 
not accurate. 
KAdj: The spring constant of the cantilever which can be used to adjust the extension 
of protein molecule by removing the deflection of the cantilever, i.e. the force divided 
by the spring constant.  
 




Appendix II Magnetic tweezers data analysis program 
The AFM data analysis program is also wrote by me independently in C#. It main 
function is finding out the unfolding steps in each magnetic tweezers unfolding curve. 
The algorithm is based a previous publication (82) and its GUI is shown in Figure A.2. 
During the fitting, firstly the program read in the extension-time curve from the raw 
data file. Then it can fit the curve with given step number and calculate the step 
indicator which corresponds to the quality of this step number. By trying different step 
number and find out the one with the maximum step indicator, the optimized fitting 
can be found. Then by clicking the Save button the fitting results can be saved to the 
target file. The results will be represented into histograms by a Labview program, 
Below is the list of main buttons and textboxes: 
File path: The path of the txt file which containing the extension-time unfolding 
curve. 
LoadData: Read in the data. 
StepNum: Expected step number, will be evaluated by Stepindicator. 
ChiFit: Use the algorithm in this publication (82) to fit. 
HMMInitial, HMMFit, PrintHMM: these three buttons are for fitting the curve by 
Hidden Markov model, however, because this fitting algorithm always give the 
similar results as the ChiFit and is more time consuming, thus was not utilized for 
data analysis in the present study. 
StepIndicator: This value is the evaluation of the StepNum, can be used to adjust 
how many steps are there in the curve (82).  
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SAVE: Save the fitting results to target txt file. 
SavePath: Path of the target txt file which store the fitting results. 
In the chart, X-axis is time and Y-axis is extension. Blue curve shows the unfolding 
curve, red curve shows the fitting curve. 
 






 Bridge rupture in SMD simulation 
Previous crystallographic data have shown that Ca
2+ 
ions form bridges with highly 
conserved residues in cadherins (9, 14, 37). In the SMD simulations of cadherin EC12 
domains unfolding, rupture of theses Ca
2+
 bridges occurred sequentially as unfolding 
progressed. The Ca
2+
 bridges which involves the three Ca
2+ 
ions at the linker between 
EC1 and EC2 domains are listed as below: 
Cad8: 
CA1_GLU11_OE1, CA1_ASP101_OD2, CA1_GLU12_OE2, CA1_ASP64_OD2, 
CA1_GLU66_OE1, CA1_ASP101_OD1, CA2_GLU11_OE2, CA2_GLU66_OE2, 
CA2_ASP98_OD1,  CA2_ILE99_O,  CA2_ASP101_OD1, CA2_GLU66_OE1,  
CA2_ASP134_OD1, CA2_GLU11_OE1, CA3_ASN100_OD1, CA3_ASN102_O, 
CA3_ASP132_OD2, CA3_ASP132_OD1, CA3_ASP134_OD2, CA3_SER141_O, 
CA3_ASP187_OD2, CA3_ASP187_OD1. 
Ca11: 
CA1_GLU11_OE2, CA1_GLU12_OE2, CA1_ASP64_OD2, CA1_GLU66_OE2, 
CA1_ASP101_OD1, CA2_GLU11_OE1, CA2_ASP101_OD2, CA2_ASP134_OD1, 
CA2_GLU66_OE1, CA2_ASP98_OD1, CA2_ILE99_O, CA3_ASN100_OD1, 
CA3_ASN102_O, CA3_ASP132_OD2, CA3_ASP132_OD1, CA3_ASP134_OD2, 
CA3_ASP187_OD2, CA3_ASP187_OD1 
Ecad: 
CA1_ASP103_OD1, CA1_ASP103_OD2, CA1_GLU69_OE1, CA1_ASP67_OD2, 
CA1_GLU11_OE1, CA1_ASP67_OD1, CA2_GLU11_OE2, CA2_ASP100_OD1, 
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CA2_GLN101_O, CA2_GLU69_OE1, CA2_ASP103_OD1, CA2_GLU69_OE2, 
CA2_ASP136_OD1, CA3_ASP134_OD1, CA3_ASP195_OD2, CA3_ASN104_O, 
CA3_ASN102_OD1, CA3_ASP136_OD2, CA3_ASN143_O, CA3_ASP134_OD2 
Ccad: 
CA1_ASN104_O, CA1_ASN102_OD1, CA1_ASP195_OD1, CA1_ASP136_OD2, 
CA1_ASP134_OD1, CA1_ASP134_OD2, CA1_ASP195_OD2, CA2_GLU69_OE1, 
CA2_GLU69_OE2, CA2_ASP100_OD2, CA2_ASP136_OD1, CA2_GLN101_O, 
CA2_ASP103_OD2, CA2_GLU11_OE1, CA3_GLU69_OE1, CA3_ASP103_OD2, 
CA3_ASP103_OD1, CA3_GLU11_OE2, CA3_ASP67_OD2, CA3_ASP67_OD1 
Ncad: 
CA1_ASN142_O, CA1_ASN102_OD1, CA1_ASP194_OD2, CA1_ASP136_OD2, 
CA1_ASN104_O, CA1_ASP134_OD2, CA1_ASP134_OD1, CA2_ASP136_OD1, 
CA2_MET101_O, CA2_GLU11_OE2, CA2_ASP100_OD2, CA2_ASP100_OD1, 
CA2_GLU69_OE2, CA2_GLU69_OE1, CA2_ASP103_OD1, CA3_ASP103_OD1, 
CA3_ASP103_OD2, CA3_GLU11_OE2, CA3_GLU11_OE1, CA3_GLU69_OE1, 
CA3_ASP67_OD1, CA3_ASP67_OD2 
In the names of Ca
2+
 bridges in the above list, the first part, i.e. CA1, CA2, CA3 
refers to the three different Ca
2+
 ions and the rest of the name, e.g. ASP67_OD2 refers 
to the atom in the protein structure which forms bridge with the corresponding Ca
2+
 
ion. The rupture information of the Ca
2+
 bridges was extracted from the simulation 
results by a tk/tcl script wrote by me for analysis. Because there are around twenty 
targeted Ca
2+
 bridges in each cadherin structure, it would be quite messy to plot all 
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their extension curves together with the corresponding unfolding force-extension 
curve. I wrote a program in c# to represent this information and the GUI is shown in 
Figure A.3. Below is the list of main buttons and textboxes:  
Curve: The name of the file which containing the target force-time curve. As in 
Figure A.3, it is Ecad0.txt which refers to the first trial of E-cadherin. 
Plot Ruptured: Plot the extension-time curves of all Ca
2+
 bridges which ruptured 
during simulation. 
Plot All: Plot the extension-time curves of all Ca
2+
 bridges. 
Reset view: Reset the view of curves after zoom in/out. 
Clear All: Remove all the plotted extension-time curves of Ca
2+
 bridges. 
In the table at left: 
Bridge: The bridge name, e.g. CA1_ASP103_O refers to the bridges between the first 
Ca
2+ 
ion and the atom ASP103_O in the protein molecule. 
Rupture Frame: The rupture time of the bridge, the unit is ps. -1 refers to no rupture 
during the simulation.  
Avg b4 rup: The average extension of the bridge before its rupture, the unit is Å. 
Sdv b4 rup: The standard deviation of the bridge extension before its rupture, the unit 
is Å. 
In the chart at right: 
The X-axis is the time and the unit is ps. The left Y-axis is the extension of Ca
2+
 
bridges with the unit Å and the right Y-axis is the tension force of the protein 
molecule with the unit pN. The black curve is the protein unfolding force-time curve. 
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By clicking the bridge name in the left table, the program can add its corresponding 
extension-time curve into the chart, as the red curve in Figure A.3. The green dots on 




Figure A.3 The GUI of Ca
2+
 bridges information representation program. 
 
